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Editorial on the Research Topic

Nuclear medicine in rheumatological diseases’ therapy and diagnosis

Rheumatological diseases are common conditions in the general population and their
diagnosis in clinical practice is challenging due to their unspecific clinical presentation.
Nuclear medicine has a great potential for the management of the rheumatological diseases
providing a tool for diagnosis, assessment of prognosis, and treatment efficacy. Furthermore,
radiopharmaceuticals may be used as therapeutic options in patients with rheumatological
diseases. The application of nuclear medicine techniques in the diagnosis and management
of rheumatological diseases relies on the detection of in vivo functional abnormalities
at an early stage of the diseases, earlier compared to the structural changes detected by
conventional imaging (1–7).

This Research Topic comprises 11 articles (four reviews, six original articles, and one
study protocol) that highlight the role of nuclear medicine techniques in the management of
rheumatological diseases.

The mini-review of Wenger and Schirmer provides an overview on the current use
of nuclear medicine imaging modalities in the diagnosis of rheumatological diseases.
In particular the authors described that, at present, [18F]FDG PET/CT is the hybrid
imaging method most often used in rheumatology, in particular for diagnosis of large
vessel vasculitis. Despite the current limited value of bone scintigraphy as diagnostic
procedure in rheumatological diseases, this nuclear medicine technique has a role before
and after radiosynovectomy. In the review of Nassarmadji et al. the evidence on the role
of [18F]FDG PET/CT for diagnosis, treatment monitoring and follow-up in large vessel
vasculitis was summarized. [18F]FDG PET/CT is currently not recommended for diagnosis
of chronic inflammatory rheumatism including rheumatoid arthritis, spondyloarthritis,
and polymyalgia rheumatica. However, this imaging tool seems promising in chronic
inflammatory rheumatism as described in the mini-review of De Ponfilly-Sotier et al. as
it may provide an overview of systemic involvement occurring in this setting. Lastly,
the review of van der Geest et al. illustrates novel PET radiopharmaceuticals that may
be useful for diagnosis and treatment monitoring of polymyalgia rheumatica and large
vessel vasculitis.
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Four original articles included in this Research Topic are
focused on polymyalgia rheumatica. French researchers evaluated
periarticular [18F]FDG uptake scores using PET/CT images to
identify polymyalgia rheumatica within a group of patients
with rheumatic diseases. The presence of at least three sites
with significant uptake identified polymyalgia rheumatica with
a sensitivity of 86% and a specificity of 85.5%, suggesting that
[18F]FDG PET/CT has good performance to identify polymyalgia
rheumatica within a population presenting rheumatic diseases
(Amat et al.). A research article from the same group demonstrated
that machine learning algorithm is useful for diagnosis of
polymyalgia rheumatica using [18F]FDG PET/CT in a group
of patients with inflammatory rheumatisms providing accurate
sensitivity and specificity (Flaus et al.).

In a large Belgian retrospective study, researchers scored
[18F]FDG uptake through visual analysis of PET images taking into
account 12 articular regions (scores 0–2 for each articular region).
A total skeletal score was calculated by summing the individual
scores. These PET scores showed high diagnostic accuracy for the
diagnosis of polymyalgia rheumatica (Moreel et al.).

An Italian retrospective study demonstrated that [18F]FDG
PET/CT performed in patients with polymyalgia rheumatica and
persistent increase of acute phase reactants was able to detect
persistence of active polymyalgia rheumatica, occult large vessel
vasculitis, or other inflammatory diseases (Colaci et al.).

In a retrospective study from China, researchers explored the
value of [18F]FDG PET/CT for assessing disease activity and for
predicting the prognosis of the Adult-onset Still’s disease. The
authors reported that increased radiopharmaceutical uptake was
observed in bone marrow, lymph nodes, and spleen of patients
with Adult-onset Still’s disease. Taking into account the correlation
among PET findings and laboratory inflammatory markers, the
authors suggested to use [18F]FDG PET/CT for evaluating disease
activity and for predicting clinical prognosis of Adult-onset Still’s
disease (Li et al.).

In another retrospective study, Swiss researchers
investigated the emerging role of quantification of 99mTc-
labeled diphosphonates uptake by using SPECT/CT in fibrous
dysplasia bone lesions; furthermore, the authors correlated
SPECT/CT findings with markers of disease activity. They
found that bone turnover markers were correlated with
diphosphonate uptake on bone scan, suggesting that bone
scan, and in particular quantification using SPECT/CT,
could be useful to assess the disease burden and to guide
treatment and follow-up in patients with fibrous dysplasia (Jreige
et al.).

Lastly, this Research Topic also includes a study protocol on
a new nuclear medicine imaging method for detecting cartilage
disorders. 99mTc-NTP 15-5 is a new radiopharmaceutical that
can be used to target proteoglycans, which are a component
of the cartilaginous extracellular matrix. Therefore, imaging of
proteoglycans could be used for diagnosis, treatment monitoring
and follow-up of cartilage disorders. French researchers published

a study protocol to assess 99mTc-NTP 15-5 uptake in healthy joints
(Thivat et al.).

Findings provided by the articles published in this Research
Topic illustrate the current role and future perspectives of nuclear
medicine in rheumatological disorders. Currently, among the
different nuclear medicine imaging methods, there is a growing
evidence supporting the use of [18F]FDG PET/CT in several
rheumatological diseases even if the role of bone scintigraphy in
this setting should not been underestimated (8). Even if [18F]FDG
uptake is non-specific for inflammatory lesions, however, the
distribution and pattern of radiopharmaceutical uptake could help
in the differential diagnosis of rheumatological diseases or could
demonstrate the true disease extent identifying occult sites on
conventional imaging, in addition to identifying sites for biopsy
to obtain histological confirmation (8). Furthermore, there is
an emerging role of [18F]FDG PET/CT to assess the treatment
response and to monitor the disease activity (8). Overall, even if
there is increasing evidence on the use of [18F]FDG PET/CT in
the diagnosis of rheumatological diseases, multicentric prospective
studies are warranted to fully understand the potential of [18F]FDG
PET/CT in rheumatological diseases.

About the use of nuclear medicine techniques for therapy
of rheumatological diseases, radiosynovectomy involving intra-
articular injection of radiolabelled colloids (which induce necrosis
and fibrosis of hypertrophic synovial membrane) is a valid, safe and
well-tolerated option for treating persistent joint inflammation in
rheumatoid arthritis, even if other arthropathies can also benefit
from thismethod. However, radiosynovectomy is still underutilized
in rheumatological diseases (9).
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Utility of 18F-Fluorodeoxyglucose
Positron Emission Tomography in
Inflammatory Rheumatism,
Particularly Polymyalgia Rheumatica:
A Retrospective Study of 222 PET/CT
Julie Amat 1, Marion Chanchou 1, Louis Olagne 2, Lucie Descamps 3, Anthime Flaus 4,

Clément Bouvet 1, Bertrand Barres 1, Clemence Valla 1, Ioana Molnar 5, Arnaud Cougoul 5,

Sylvain Mathieu 3, Olivier Aumaitre 2, Martin Soubrier 3, Antony Kelly 1, Charles Merlin 1 and

Florent Cachin 1*

1 Jean Perrin Oncology Institute, Department of Nuclear Medicine, Clermont-Ferrand, France, 2Gabriel Montpied University

Hospital, Department of Internal Medicine University of Clermont-Ferrand, Clermont-Ferrand, France, 3Gabriel Montpied

University Hospital, Department of Rheumatology University of Clermont-Ferrand, Clermont-Ferrand, France, 4North

University Hospital, Department of Nuclear Medicine, University of Saint-Etienne, Saint-Etienne, France, 5 Jean Perrin

Oncology Institute, Department of Biostatistics, Clermont-Ferrand, France

Purpose: The objective of this study was to evaluate periarticular FDG uptake scores

from 18F-FDG-PET/CT to identify polymyalgia rheumatica (PMR) within a population

presenting rheumatic diseases.

Methods: A French retrospective study from 2011 to 2015 was conducted. Patients

who underwent 18F-FDG-PET/CT for diagnosis or follow-up of a rheumatism or an

unexplained biological inflammatory syndrome were included. Clinical data and final

diagnosis were reviewed. Seventeen periarticular sites were sorted by a visual reading

enabling us to calculate two scores: mean FDG visual uptake score, number of sites

with significant uptake same as that or higher than liver uptake intensity and by a

semi-quantitative analysis using mean maximum standardized uptake value (SUVmax).

Optimal cutoffs of visual score and SUVmax to diagnose PMR were determined using

receiver operating characteristics curves.

Results: Among 222 18F-FDG PET/CT selected for 215 patients, 161 18F-FDG

PET/CT were performed in patients who presented inflammatory rheumatism as a final

diagnosis (of whom 57 PMR). The presence of at least three sites with significant uptake

identified PMR with a sensitivity of 86% and a specificity of 85.5% (AUC 0.872, 95% CI

[0.81–0.93]). The mean FDG visual score cutoff to diagnose a PMR was 0.765 with a

sensitivity of 82.5% and a specificity of 75.8% (AUC 0.854; 95% CI [0.80–0.91]). The

mean SUVmax cutoff to diagnose PMR was 2.168 with a sensitivity of 77.2% and a

specificity of 77.6% (AUC 0.842; 95% CI [0.79–0.89]).

Conclusions: This study suggests that 18F-FDG PET/CT had good performances to

identify PMR within a population presenting rheumatic diseases.

Keywords: PMR, 18F-FDG PET/CT, inflammatory rheumatism, uptake scores, SUVmax, bursa
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KEY POINTS

- Question:The objective of our study was to evaluate visual and
semi-quantitative periarticular scores derived from 18F-FDG
PET/CT for the diagnosis of PMR among rheumatic diseases.

- Pertinent Findings: This retrospective study showed that the
presence of at least three sites with visual significant uptake
and a mean SUVmax at the 17 sites equal to or greater than
2.168 had high sensitivities and specificities for the diagnosis
of PMR.

- Implications For Patient Care: An accuracy 18F-FDG
PET/CT periarticular analysis guides the clinician when
the clinical presentation is atypical, especially in cases of
rheumatism in the elderly and, therefore, has an impact on
early therapeutic management.

INTRODUCTION

Chronic inflammatory rheumatisms are common conditions
among the general population. Rheumatoid arthritis (RA) is the
most frequent rheumatism in France, with a prevalence of 0.35%
(1). In people older than age 50, the prevalence of polymyalgia
rheumatica (PMR) and giant cell arteritis (GCA) is 700/100,000
and 204/100,000, respectively (2).

The ACR/EULAR’s 2010 criteria for RA (3) and its 2012
criteria for PMR (4) enable orientation of the diagnosis of
these diseases; however, their sensitivities and specificities
remain limited (57.9% and 88.8% for RA, 66% and 81% for
PMR, respectively).

Moreover, the need to eliminate differential and associated
diagnoses, such as neoplasias and vasculitis (5, 6) especially
in elderly people, encourages additional examinations.
Fluorodeoxyglucose positron emission tomography coupled with
computerized tomography (18F-FDG PET/CT) in these cases
seems useful. Macrophage activation and fibroblast proliferation
enhanced by proinflammatory cytokines result in an increased
fluorodeoxyglucose (18F-FDG) uptake in articular, periarticular,
and vascular wall areas (7). Inflammation targets the synovial
membrane in patients suffering from RA. In cases of PMR, it
affects principally the serous bursa. Several studies demonstrated
the usefulness of 18F-FDG PET/CT in inflammatory rheumatism
diseases (5, 6, 8–10), especially PMR and in vasculitis. 18F-FDG
PET/CT enables a full-body map of vascular, articular, and
periarticular uptake within a single examination (9, 10).

Abbreviations: ACR/EULAR, American College of Rheumatology/European
League Against Rheumatism; ASAS, Assessment of Spondyloarthritis International
Society; AUC, Area under curve; BASDAI, Bath Ankylosing Spondylitis Disease
Activity Index; CRP, C-reactive protein; CT, Corticotherapy; DAS28-VS or DAS28-
CRP, Disease Activity Score; EORA, Elderly-onset rheumatoid arthritis; ESR,
Erythrocyte sedimentation rate; 18F-FDG PET/CT, Fluorodeoxyglucose positron
emission tomography coupled with computerized tomography; GCA, Giant cell
arteritis; IR, Inflammatory rheumatism; LVV, Large vessel vasculitis; MBq/kg,
Megabecquerel per kilogram body weight; PMR, Polymyalgia rheumatica; RA,
Rheumatoid arthritis; ROC, Receiver operating characteristic; ROI, Region of
interest; RS3PE, Remitting symmetrical seronegative synovitis with pitting edema;
SA, Spondyloarthritis; SAPHO, Synovitis-acne-pustulosis-hyperostosis-osteitis;
SUVmax, Maximum standardized uptake value; TAB, Temporal artery biopsy.

Several scores have been developed for the diagnosis of
vasculitis or inflammatory rheumatism and to evaluate their
activity (11–13) with relatively promising results.

The objective of our study was to evaluate composite
periarticular scores derived from 18F-FDG PET/CT for the
diagnosis of PMR among rheumatic diseases.

MATERIALS AND METHODS

Patients
In this retrospective study, 478 patients were selected. Their 18F-
FDGPET/CTwere performed betweenApril 2011 andDecember
2015 and prescribed by the Rheumatology and Internal Medicine
Departments of our institution (Clermont-Ferrand, France).

18F-FDG PET/CT inclusion criteria were follow-up of
previously known rheumatic diseases such as PMR, RA,
GCA, and spondyloarthritis (SA); diagnosis of suspected
rheumatic diseases; and diagnosis of an unexplained biological
inflammatory syndrome.

The following data were collected when available: indication
of the 18F-FDG PET/CT (initial test for inflammatory
rheumatism or for an unexplained biological inflammatory
syndrome, test for treatment resistance, screening for
vasculitis, or a neoplasia), rheumatism’s activity parameters
such as C-reactive protein (CRP), erythrocyte sedimentation
rate (ESR), DAS28-VS or DAS28-CRP, treatment with
corticosteroids or other immunosuppressants (including
duration and dose), and final diagnosis retained by a
rheumatologist or an internal medicine specialist according
to the patient’s clinical and paraclinical data. 18F-FDG
PET/CT exams were not included in the paraclinical
tests used for the final rheumatic diagnosis. In the
majority, 18F-FDG PET/CT was realized to rule out
paraneoplastic rheumatism.

In case of an unclassified rheumatism, diagnosis was applied
according to the 2010 ACR/EULAR’s criteria for RA (3), its 2012
criteria for PMR (4), and the 2009 ASAS’s criteria for SA (14). If
the rheumatism did not meet these criteria, a final diagnosis was
agreed upon collegially by the three principal investigators. Some
patients remained with a diagnosis of unclassified rheumatism.

Patients were sorted into four groups:

- The group named “inflammatory rheumatisms” gathered
patients with PMR, RA, SA, GCA, microcrystalline
rheumatism, synovitis-acne-pustulosis-hyperostosis-osteitis
(SAPHO), unclassified rheumatism, remitting seronegative
symmetrical synovitis with pitting edema (RS3PE),
paraneoplastic rheumatism, and psoriatic rheumatism.

- The group named “rheumatic diseases without inflammatory
rheumatism” referred to patients who ultimately presented
discopathy, vertebral collapse, prosthetic loosening, narrowing
of the lumbar vertebral canal, tendinitis of the gluteus medius
muscle, fracture of the pelvis, shoulder–hand syndrome,
fibromyalgia, or osteoarthritis.

- The group named “infectious or inflammatory diseases”
gathered a majority of patients addressed for an unexplained
biological inflammatory syndrome and who ultimately
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displayed infectious or inflammatory diseases, some of whom
did not have musculoskeletal manifestations.

- The group named “absence of inflammatory rheumatism”
included patients in the groups named “rheumatic diseases
without inflammatory rheumatism” and “infectious or
inflammatory diseases.”

Eighty percent of GCA cases were proven histologically with a
positive temporal biopsy. For the others, the diagnosis was based
on clinical and paraclinical data (imaging).

The patients provided their written informed consent to
participate in this study.

The study has been approved by CECIC Rhône Alpes
Auvergne, Grenoble, IRB 5921 on 12 November 2019 (IRB
number: 5921).

18F-FDG PET/CT Imaging
After 4 h of fasting, a minimal activity of 3 MBq/kg of 18F-FDG
was injected into a peripheral vein. Acquisition was achieved 1 h
after injection on a PET/CT scanner (Discovery ST or Discovery
710 Optima 660). In most cases, acquisition extended from the
skull to the upper third of the femurs, with the upper extremities
situated either along the body or above the head. Only 15% of
the 18F-FDGPET/CT involved the entire body. 18F-FDGPET/CT
acquisitions were not contrast-enhanced.

Similar to Sondag et al.’s (9) method, 17 periarticular sites
were analyzed using a visual analysis to evaluate the intensity
and the number of hotspots. A semi-quantitative analysis was
also realized for the 17 hotspots. These involved both shoulders,
both acromioclavicular and both sternoclavicular joints, the most
intense interspinous bursa, both hips, both greater trochanters,
both ischial tuberosities, both iliopectineal bursa, and both
symphysis pubis enthesis. Each uptake was sorted by visual
analysis using a four-point scale from 0 to 3 in comparison with
liver uptake (0: no uptake, 1: uptake lower than the liver, 2:
moderate uptake, same as that of the liver, 3: uptake higher than
the liver).

Two visual composite scores were therefore analyzed: the
mean FDG uptake score at the 17 sites of an exam: F17 and
the number of sites with significant uptake [score ≥ 2, cutoff
proposed by Goerres et al. (15): Nb].

Moreover, the maximum standardized uptake value
(SUVmax) was measured at the 17 hotspots for 222 18F-
FDG PET/CT by a board-certified nuclear medicine physician,
blinded to the clinical and paraclinical test results, using
Advantage Windows Server 3.2 (General Electric Healthcare
Systems, 2016). For determination of the SUVmax, a region
of interest (ROI) was manually placed over each of the 17
periarticular sites. Activity concentration within the ROI was
determined and expressed as SUV, where SUV is the ratio of the
activity in the tissue to the decay corrected activity injected into
the patient and normalized for patient body weight. SUVmax
was used as the reference measurement and was determined by
considering the uptake given by the maximum pixel value within
a ROI in each of the 17 hotpsots.

For PMR, RA, and all pathologies taken together, 18F-FDG
PET/CT was sorted into two groups (<3 sites with significant

uptake, ≥3 sites with significant uptake) in order to compare the
rheumatism’s activity parameters.

Statistical Analysis
Parameters were calculated and then compared
within the different groups (PMR, RA, SA, GCA, all
inflammatory rheumatisms taken together, “absence of
inflammatory rheumatism,” and “rheumatic diseases without
inflammatory rheumatism”):

- Mean FDG uptake score (F17) and standard deviation,
- Number of sites with significant uptake (Nb) and

standard deviation,

The means of the scores were compared using the Kruskal-
Wallis test.

Some other parameters were calculated and compared
between the PMR ± GCA group and other patients as follows
using the Wilcoxon-Mann-Whitney test:

- Mean SUVmax for each of the 17 hotspots,
- Mean SUVmax for the 17 hotspots.

The sensitivity and specificity for the diagnosis of PMR were
calculated using ROC curve.

Rheumatism’s activity parameters (CRP, duration and dose of
corticotherapy, DAS28-VS or DAS28-CRP) as well as age were
calculated and compared based on the presence or absence of
three sites with significant uptake for the groups PMR, RA and
all pathologies taken together. The latter were compared using
Student’s test or the Kruskal-Wallis test. A bilateral p-value lower
than the cutoff of 0.05 was considered statistically significant.

RESULTS

Patients
Overall, 222 18F-FDG PET/CT were selected for 215 patients as
part of the testing for rheumatic diseases, vasculitis, neoplasias,
or the exploration of an unexplained biological inflammatory
syndrome. A flowchart is displayed in Figure 1.

Distribution of 18F-FDG PET/CT according to the final
diagnosis and characteristics of the population is given in
Tables 1, 2. Table 2 summarizes the characteristics of the patients
of the PMR group: median age 74.8 years (IQR 15.2), 31
women, 26 men, CRP 32 mg/L (IQR 66), 13 mg/day (IQR
5.8) corticosteroids. CRP values and corticosteroid dose were,
respectively, available for 53 and 30 patients of the PMR group.
In our whole population, these values were used, respectively, for
90 and 57 patients.

18F-FDG PET/CT Visual Analysis
A visual score was calculated for 17 periarticular sites based on
liver uptake comparison.

Summarized in Table 3, the mean FDG uptake score at the
17 sites (F17) was significantly higher in the group of PMRs
comparedwith the group “absence of inflammatory rheumatism,”
respectively, 1.32 ± 0.61 and 0.44 ± 0.31 (p < 10−7). Likewise,
the number of sites with significant uptake (Nb) was also higher,
respectively, 6.9± 4.88 and 0.62± 1.2 (p < 10−7) (Table 3).
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FIGURE 1 | Flowchart.

For the PMR diagnosis, the predictive cutoff values of
the mean FDG uptake score (F17) and the number of sites
with significant uptake were determined, respectively, at 0.765
(sensitivity of 82.5%, specificity of 75.8%, AUC 0.854; 95% CI
[0.80–0.91]) and ≥3 (sensitivity of 86% and specificity of 85.5%,
AUC 0.872, 95% CI [0.81–0.93]).

Impairment of at least three sites (Nb ≥ 3) and a mean
FDG uptake score >0.765 (F17 > 0.765) appeared to be
the most specific criteria (respectively, 85.5 and 75.8%) for
identifying PMR.

For example, this maximum-intensity projection and the axial
fused 18F-FDG PET/CT show a patient suffering from PMR with
uptake at the 17 sites in Figure 2.

Relationship Between Visual FDG Uptake
and Rheumatism Activity
Rheumatism activity parameters were calculated and compared
in some groups according to the number of sites with visual
uptake equal or superior to the liver background, which was the
most sensitive and the more specific score. Results are shown
in Table 4.

CRP values of RA and “all pathologies taken together”
groups were significantly higher in patients who had at least
three sites with significant uptake on their exams (respectively,
p = 0.0065 and p < 10−5). Likewise, DAS 28 in the RA
group was significantly higher (6.0 ± 1.3 vs. 4.1 ± 1.3
with p= 0.0045).

Frontiers in Medicine | www.frontiersin.org 4 August 2020 | Volume 7 | Article 39411

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Amat et al. 18F-FDG PET/CT in Polymyalgia Rheumatica

TABLE 1 | Distribution of 18F-FDG PET/CT according to the final diagnosis.

Final Diagnosis Number of 18F-FDG PET/CT %

PMR 57 25.7

Of which, PMR + GCA 10 4.5

GCA (without PMR) 10 4.5

RA 49 22.1

SA 18 8.1

Psoriatic rheumatism 5 2.2

SAPHO 3 1.4

RS3PE 4 1.8

Paraneoplastic rheumatism 4 1.8

Microcrystalline rheumatism 5 2.2

Unclassified rheumatism 6 2.7

Rheumatic diseases without

inflammatory rheumatism

32 14.4

Infectious or inflammatory

diseases

29 13.1

Of which, patients without

musculoskeletal

manifestations

16 7.2

Total 222 100

TABLE 2 | Characteristics of the population.

Characteristics All patients PMR ± GCA

Gender, n (%)

Men 89/215 (41.4) 26/57 (45.6)

Women 126/215 (58.6) 31/57 (54.4)

Age, median (IQR), years 70.4 (20.5) 74.8 (15.2)

CRP, median (IQR), mg/L 16 (49.6) 32 (66)

Steroids dose, median (IQR), mg/day 10 (9) 13 (5.8)

Total 215 57

Patients belonging to the group “all pathologies taken
together” were older when there were at least three sites with
significant uptake on 18F-FDG PET/CT (p= 0.034).

Finally, we did not find any significant link between the dose
and duration of corticosteroid use in patients with PMR or RA
based on the number of sites with significant uptake.

18F-FDG PET/CT Semi-Quantitative
Analysis
SUVmax was measured on each of the 17 periarticular sites
(Table 5). The mean SUVmax at the 17 sites was significantly
higher in the PMR ± GCA group compared with the others,
respectively, 2.68 (±0.63) and 1.81 (±0.69) (p < 10−6).

The predictive cutoff of the mean SUVmax at the 17 sites for
PMR was calculated at 2.168 (sensitivity of 77.2%, specificity of
77.6%, AUC 0.842; 95% CI [0.79–0.89]) (Figure 3).

Moreover, these results were also significantly higher in each
of the 17 sites for the PMR±Horton group.

The best predictive mean SUVmax cutoff to diagnose a PMR
was determined at 2.168 (sensitivity of 77.2%, specificity of 77.6%,
AUC 0.842; 95% CI [0.79–0.89]).

18F-FDG PET/CT Visual and
Semi-Quantitative Analysis
The sensitivities and specificities of four composite scores (F17 >

0.53, F17 > 0.765, Nb ≥ 3, SUVmax ≥ 2.168) enabling diagnosis
of the studied diseases are given in Table 6.

DISCUSSION

Key Findings of the Study and Comparison
to the Literature
To date, our study, with 222 18F-FDG PET/CT analyzed,
has been one of the largest in terms of evaluating 18F-FDG
PET/CT in cases of inflammatory rheumatism. Visual and semi-
quantitative analyses were realized on 17 periarticular sites.
Also, our work consolidates various rheumatic diseases beyond
cases of PMR, as was also done by Yamashita et al. (11),
who included cases of PMR, RA, and SA. Yamashita et al.
(11) demonstrated the usefulness of scores when categorizing
cases of PMR from other rheumatic diseases (particularly RA
and SA), by analyzing uptake in ischial tuberosities, in greater
trochanters, and in interspinous bursa. Compared with the SA
group, the ratio of FDG uptake was significantly higher in
patients with PMR and lower in patients with RA in ischial
tuberosities (63.2, 93.8, and 12.5%, respectively; p < 0.001),
greater trochanters (47.4, 81.3, and 12.5%; p < 0.001), and
interspinous bursa (52.63, 75.0, and 12.50%; p= 0.001). Likewise,
in our study, the number of sites with significant uptake (Nb)
was also higher in the PMR group compared to RA or SA,
respectively, 6.9 ± 4.88, 1.53 ± 2.18, and 2.56 ± 4.34 (p
< 10−7) (Table 3).

Wakura et al. (12) used uptake scores in nine articular
and periarticular sites (scapulohumeral and coxofemoral joints,
greater trochanters, ischial tuberosities, interspinous bursa at the
cervical, thoracic and lumbar levels, entheses of the pectineal
muscle and the right femoral muscle) within two groups, PMR
(15 patients) and EORA (seven patients). The uptake scores
allowed differentiation between the cases of PMR and EORA,
with the PMR group showing statistically significant higher
scores. They also compared the SUVmax for abnormal FDG
accumulation sites between the PMR and EORA patients and
observed no significant differences between the two groups.
Takahashi et al. (13) compared five articular sites uptake between
PMR and EORA patients. They found a sensitivity of 92.6% and a
specificity of 90% in favor of PMRwhen three out of the following
five items were present: uptake greater than that of the liver in
the shoulders, interspinous bursa, iliopectineal bursa, and ischial
tuberosities associated with the absence of uptake in the wrists.
In the PMR group, the results were statistically higher in the
ischial tuberosities and interspinous bursa; however, the uptake
was lower in the wrists. Concerning our study, the number of sites
with significant uptake was higher in PMR patients than in the
RA group, 6.90± 4.88 and 1.53± 2.18, respectively (p < 10−7).
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TABLE 3 | Results of the different visual composite scores (m ± sa) according to the final diagnosis.

Parameters All IRsb taken

together

(n = 161)

PMRc

± GCA

(n = 57)

RAd

(n = 49)

SAe

(n = 18)

GCAf

without PMR

(n = 10)

Absence

of IR

(n = 61)

Rheumatic diseases

without IR

(n = 32)

F
g
17 0.88 ± 0.63 1.32 ± 0.61 0.65 ± 0.41 0.69 ± 0.67 0.32 ± 0.31 0.44 ± 0.31 0.45 ± 0.29

Nbh 3.52 ± 4.47 6.90 ± 4.88 1.53 ± 2.18 2.56 ± 4.34 0.3 ± 0.67 0.62 ± 1.20 0.62 ± 1.13

am ± s, Mean and standard deviation.
b IR, Inflammatory rheumatism.
cPMR, Polymyalgia rheumatic.
dRA, Rheumatoid arthritis.
eSA, Spondyloarthritis.
fGCA, Giant cell arteritis.
gF17 is the mean FDG uptake score studied in the 17 sites.
hNb is the number of sites with significant uptake (≥ liver uptake).

FIGURE 2 | 18F-FDG PET/CT maximum-intensity projection showing uptake at the 17 sites of the skeleton in a patient suffering from polymyalgia rheumatica (A), axial

fused 18F-FDG PET/CT with typical uptake of polymyalgia rheumatica at the lumbar interspinous bursa (B), at the iliopectineal bursa (C), and at the ischial bursa (D).

Frontiers in Medicine | www.frontiersin.org 6 August 2020 | Volume 7 | Article 39413

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Amat et al. 18F-FDG PET/CT in Polymyalgia Rheumatica

TABLE 4 | Rheumatism activity parameters (m ± sa) based on the number of sites with significant uptake on 18F-FDG PET/CT for PMR, RA, and all pathologies taken

together.

Parameters All pathologies taken together RAb PMRc ± GCAd

PET

Nbe ≥ 3

(n = 73)

PET

Nb < 3

(n = 149)

Pf PET

Nb ≥ 3

(n = 10)

PET

Nb < 3

(n = 39)

p PET

Nb ≥ 3

(n = 48)

PET

Nb < 3

(n = 9)

p

CRPg (mg/L) 58.6 ± 60.9 29.9 ± 46 <10−5 74.0 ± 49.1 32.9 ± 53.2 0.0065 53.4 ± 61.7 43.1 ± 55.9 0.54

CTh duration (months) NAi 32.4 ± 78.8 35.4 ± 68.6 0.94 21.7 ± 53.1 6.7 ± 11.7 0.95

CT dose (mg/day) 2.9 ± 4.2 3.7 ± 5.7 0.9 5.9 ± 6.6 11.3 ± 10.0 0.18

Age (in years) 70.8 ± 12.2 64.4 ± 21.2 0.034 65.4 ± 14 64.8 ± 13.2 0.80 72.9 ± 10.9 76.7 ± 6.7 0.36

DAS28j NA 6.0 ± 1.3 4.1 ± 1.3 0.0045 NA

am ± s, Mean and standard deviation.
bRA, Rheumatoid arthritis.
c PMR, Polymyalgia rheumatica.
dGCA, Giant cell arteritis.
e Nb is the number of sites with significant uptake (≥ liver uptake).
fp, Significance value p.
gCRP, C-reactive protein.
hCT, Corticosteroids.
i NA, Not applicable.
jDAS 28, Disease Activity Score 28.

TABLE 5 | Results of the mean SUVmax (m ± sa) on 18F-FDG PET/CT according

to the final diagnosis.

Parameters All PET/CT except PMRb ±

GCAc

(N = 165)

PMRb ± GCAc

(N = 57)

Mean SUVmax Mean SUVmax

Right sternoclavicular ,1.93 ± 0.83 2.61 ± 0.87

Left sternoclavicular ,1.89 ± 0.82 2.56 ± 0.75

Right acromioclavicular ,1.84 ± 0.82 2.56 ± 0.84

Left acromioclavicular ,1.89 ± 0.94 2.51 ± 0.81

Right glenohumeral ,2.15 ± 1.17 3.13 ± 1.09

Left glenohumeral ,2.11 ± 1.12 2.96 ± 0.99

Interspinous bursa ,1.95 ± 0.99 3.13 ± 1.44

Right iliopectineal bursa ,1.57 ± 0.75 2.48 ± 0.8

Left iliopectineal bursa ,1.68 ± 1 2.61 ± 1.12

Right hip ,1.78 ± 0.87 2.61 ± 0.95

Left hip ,1.93 ± 1.16 2.75 ± 1.11

Right symphysis pubis enthesis ,1.53 ± 0.63 2.4 ± 0.67

Left symphysis pubis enthesis ,1.54 ± 0.69 2.5 ± 0.73

Right greater trochanter ,1.72 ± 0.82 2.52 ± 0.84

Left greater trochanter ,1.68 ± 0.69 2.63 ± 1.08

Right ischial tuberosity ,1.74 ± 0.94 2.78 ± 0.97

Left ischial tuberosity ,1.76 ± 0.94 2.86 ± 1.07

17 hotspots ,1.81 ± 0.69 2.68 ± 0.63

am ± s, Mean and standard deviation.
bPMR, Polymyalgia rheumatic.
cGCA, Giant cell arteritis.

In order to diagnose PMR, our study found sensitivity and
specificity values of 86 and 85.5%, respectively, when the 18F-
FDG PET/CT presented at least three sites with significant uptake

FIGURE 3 | ROC curve analyzing 18F-FDG PET/CT performance for the

diagnosis of polymyalgia rheumatica according to the mean SUVmax at the 17

sites.

(Nb ≥ 3), which is higher than the results found by Sondag
et al. (9) with a sensitivity of 74% and a specificity of 79% for a
score Nb ≥ 3.

We found a significant link between the visual uptake
intensity, an elevated CRP, and older age in the “all pathologies
taken together” group when the 18F-FDG PET/CT found at least
three sites with significant uptake (p ≤ 0.01). Sondag et al. (9),
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TABLE 6 | Sensitivities (Se) and specificities (Sp) of the different composite scores (F17 > 0.53, F17 > 0.765, Nb ≥ 3, SUVmax > 2.168) based on the final diagnosis (all

inflammatory rheumatisms taken together, PMR, RA, SA, absence of inflammatory rheumatism, and rheumatic diseases without inflammatory rheumatism).

Parameters % All

IRsa

(n = 161)

PMRb ±

GCAc

(n = 57)

RAd

(n = 49)

SAe

(n = 18)

Absence

of IR

(n = 61)

Rheumatic diseases

without IR

(n = 32)

F f
17 > 0.53 Se 61.5 91.2 51 33.3 32.8 34.4

Sp 67.2 59.4 45.7 44.6 38.5 43.2

F17 > 0.765 Se 48.4 82.5 32.7 33.3 14.8 15.6

Sp 85.2 75.8 59 60.3 51.6 56.8

Nbg ≥ 3 Se 42.9 86 20.4 27.8 6.6 6.2

Sp 93.4 85.5 63.6 66.7 57.1 62.6

SUVmaxh ≥ 2.168 Se 42.2 77.2 20.4 27.8 21.3 21.9

Sp 78.7 77.6 59 62.7 57.8 61.1

a IR, Inflammatory rheumatism.
bPMR, Polymyalgia rheumatic.
cGCA, Giant cell arteritis.
dRA, Rheumatoid arthritis.
eSA, Spondyloarthritis.
fF17 is the mean FDG uptake score studied in the 17 sites.
gNb is the number of sites with significant uptake (≥ liver uptake).
hSUVmax is the mean SUVmax for the 17 hotspots.

Moosig et al. (16), and Okamura et al. (17) also found that CRP
rates were correlated to the uptake intensity in patients with PMR
or vasculitis. We found a correlation between the intensity and
number of periarticular uptake (at least three sites with significant
uptake) and a higher DAS 28 score in patients with RA (6.0 ±

1.3 vs. 4.1 ± 1.3 with p at 0.0045), which was also described by
Okamura et al. [15]. On the other hand, we did not highlight any
significant link among the presence of at least three sites with
significant uptake and the dose and duration of corticosteroids
in the PMR and RA groups. This may be explained by the fact
that, in our study, the rheumatism’s activity parameters had
not been noted on the day of the 18F-FDG PET/CT. However,
Blockmans et al. found a decreased uptake in the joints of the
axial skeleton after 3 months of corticosteroids in 35 patients
suffering from PMR (18) and in the vascular walls after 3 months
of corticosteroids in 35 patients with GCA (19).

Blockmans et al. (18) did not recommend performing a
18F-FDG PET/CT when following up cases of PMR because
the decreased uptake was correlated to biological results. A
more recent study evaluated the use of 18F-FDG PET/CT for
the assessment of tocilizumab as first-line treatment in PMR
patients (20). FDG uptake and bioclinical parameters (physical
examination, CRP, and ESR) after treatment were significantly
decreased. However, the correlation between SUVmax and
the other bioclinical parameters was low. This result may be
explained by the low level of SUVmax variation compared to that
of the other parameters. SUVmax was significantly decreased in
all regions except in the shoulders, sternoclavicular joints, and
cervical interspinous bursa. This persistent FDG uptake should
be explained by joint remodeling during the few weeks after
tocilizumab treatment. In our study, a large majority of patients
(158) were free from any corticotherapy or immunosuppressive
treatments at the time of 18F-FDG PET/CT acquisitions
guaranteeing the absence of any induced treatment modification

of 18F-FDG accumulation in joint sites. For the others, presence
or absence of corticotherapy or immunosuppressive treatments
was not clearly recorded in data files.

Our study show that the visual score is more sensitive and
more specific than the semi-quantitative score (sensitivity of 86%
and specificity of 85.5% when at least three sites had a significant
uptake and sensitivity of 77.2% and specificity of 77.6% when the
mean SUVmax at the 17 sites was equal to or greater than 2.168).
Moreover, the visual score is easier to use in daily practice.

Approximately 20% of patients with apparently isolated PMR
showed LVV on 18F-FDG PET/CT (21). As PMR and GCA
are frequently overlap, typical FDG joint uptake patterns and
vascular uptake should be reported using a standardized 0-
to-3 grading system (no uptake 6 mediastinum, low < liver,
intermediate = liver, high > liver), (21–23) with grade 2
considered as possibly positive for active LVV and grade 3
positive for active LVV (23).Moreover, Slart et al. highlighted that
18F-FDG PET/CT exhibited high diagnostic performance for the
detection of LVV and PMR and was able to evaluate the response
to treatment (17, 23, 24).

Limitations and Strengths of the Study
This study has a few limitations. One concerns missing data
relating to the study’s retrospective design. In this monocenter
study, inclusion criteria were heterogeneous. Indeed, patients
with various rheumatic diseases such as PMR, RA, SA, psoriatic
rheumatism, and microcrystalline rheumatism were included
and 18F-FDG PET/CT were achieved either for initial diagnosis
(to search for vasculitis or neoplasia) or during the follow-
up (after treatment resistance). Moreover, acquisition methods
were heterogeneous, performed on two different PET/CT systems
leading to quantitative differences. In addition, 18F-FDG PET/CT
were analyzed by the same observer, which creates doubts
concerning its reproducibility, which was not assessed in our
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study. However, the use of a four-point scale, according to four
intensity levels from 0 to 3, in comparison with liver uptake, and
SUVmax values enable this variability to be reduced. This visual
method was already used in the Deauville score for therapeutic
evaluation of lymphomas (25).

The large number of patients included especially PMR ones
and the visual and semi-quantitative assessments are part of the
strengths of the study.

Integration Into the Current Understanding
and Future Direction of the Research
The 18F-FDG PET/CT allows us to confirm andmap periarticular
inflammation. Therefore, it is an exam to be prioritized in
clinically contentious cases, especially rheumatism in elderly
patients (26).

Infections, neoplasias, and the different rheumatic diseases
can reproduce the same musculoskeletal symptoms. The
importance of early diagnosis enables initiation of the proper
treatment and reduction of anatomical and functional sequels.

Therefore, it is important to refine the reading of 18F-FDG
PET/CT by precisely indicating the number and intensity of the
periarticular uptake. This allows the clinician to be guided toward
a diagnosis when the clinical presentation is atypical, especially
in cases of rheumatism in the elderly and, therefore, to have an
impact on therapeutic management.

A prospective study should be realized to confirm
these results.

CONCLUSION

The visual and semi-quantitative scores turned out to be
effective in differentiating PMR from another rheumatism with a

sensitivity of 86% and a specificity of 85.5% when at least three
sites had a significant uptake and a sensitivity of 77.2% and a
specificity of 77.6% when the mean SUVmax at the 17 sites was
equal to or greater than 2.168.
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Introduction: The aim of this study was to find the best ordered combination of

two FDG positive musculoskeletal sites with a machine learning algorithm to diagnose

polymyalgia rheumatica (PMR) vs. other rheumatisms in a cohort of patients with

inflammatory rheumatisms.

Methods: This retrospective study included 140 patients who underwent [18F]FDG

PET-CT and whose final diagnosis was inflammatory rheumatism. The cohort was

randomized, stratified on the final diagnosis into a training and a validation cohort. FDG

uptake of 17musculoskeletal sites was evaluated visually and set positive if uptake was at

least equal to that of the liver. A decision tree classifier was trained and validated to find the

best combination of two positives sites to diagnose PMR. Diagnosis performances were

measured first, for each musculoskeletal site, secondly for combination of two positive

sites and thirdly using the decision tree created with machine learning.

Results: 55 patients with PMR and 85 patients with other inflammatory rheumatisms

were included. Musculoskeletal sites, used either individually or in combination of two,

were highly imbalanced to diagnose PMR with a high specificity and a low sensitivity.

The machine learning algorithm identified an optimal ordered combination of two sites

to diagnose PMR. This required a positive interspinous bursa or, if negative, a positive

trochanteric bursa. Following the decision tree, sensitivity and specificity to diagnose

PMR were respectively 73.2 and 87.5% in the training cohort and 78.6 and 80.1% in the

validation cohort.

Conclusion: Ordered combination of two visually positive sites leads to PMR diagnosis

with an accurate sensitivity and specificity vs. other rheumatisms in a large cohort of

patients with inflammatory rheumatisms.

Keywords: polymyalgia rheumatica, inflammatory rheumatism, [18F]FDG PET-CT, decision-tree algorithm,

machine learning
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KEYPOINTS

Question
Find the best ordered combination of FDG positive
musculoskeletal sites with a decision tree classifier to diagnose
polymyalgia rheumatica (PMR) vs. other rheumatisms in a large
cohort of patients with inflammatory rheumatisms.

Key Findings
Musculoskeletal sites, used individually or in combination of two,
were highly imbalanced to diagnose PMR with a high specificity
and a low sensitivity. However, machine learning classifier helped
us to build a decision tree to diagnose PMR using two sites. The
classifier identified an optimal ordered combination of two sites
to diagnose PMR. This required a positive interspinous bursa
and, if negative, a positive trochanteric bursa. Following this tree,
in a validation cohort, sensitivity and specificity to diagnose PMR
were respectively 78.6 and 80.1%.

Consequences on Patient Care
We proposed an ordered combination of two visually positive
musculoskeletal sites to diagnose PMR vs. other inflammatory
rheumatisms. It could help clinicians when reporting PET-CT.

INTRODUCTION

[18F]Fluorodeoxyglucose positron emission tomography –
computed tomography ([18F]FDG PET-CT) plays an important
role to diagnose polymyalgia rheumatica (PMR) (1) and to rule
out other diseases with similar symptoms such as rheumatoid
arthritis (RA), relapsing seronegative asymmetric synovitis
with pitting oedema, spondylarthritis (SA), or paraneoplastic
syndrome (2).

In PMR, [18F]FDG can accumulate in various joints, usually
shoulders or hips. But, it appeared that uptake in musculoskeletal
sites such as ischial bursa, trochanteric bursa and interspinous
bursa was more specifically associated with the diagnosis (3, 4).
[18F]FDG PET-CT used various composite articular scores which
proved accurate to diagnose PMR unlike control patients whose
sensitivity and specificity ranged from 74 to 90.9% and 79 to
92.4% (5–7) and patients with other rheumatic diseases whose
sensitivity and specificity ranged from 85,7 to 92,6% and 85,5 to
90% (3, 4, 8, 9).

Contrary to combinations that are selections of some
members of a set regardless of order, permutation of a set is an
arrangement of its members into a sequence. Diagnosis values of
arrangement of three positive musculoskeletal sites to diagnose
PMR were only studied in a cohort of PMR patients vs. control.
Results were promising with a sensitivity and specificity above
90% in cohorts of PMR patients and controls (6). However,
to the best of our knowledge, no previous study has evaluated
the diagnosis values of different permutations of two positive
musculoskeletal sites to diagnose PMR patients in a cohort of
different rheumatic diseases. Moreover, because it gives an order
to assess the different sites, an ordered combinationmay facilitate
PET reporting.

In the present study, the primary aim was to find the
best ordered combination of two FDG positive musculoskeletal
sites with a decision tree classifier to diagnose polymyalgia
rheumatic (PMR) in a large cohort of patients with various
inflammatory rheumatisms.

METHODS

Ethics Approval and Consent to Participate
All procedures performed in studies involving human
participants were in accordance with the ethical standards
of the institutional research committee and with the 1964
Helsinki Declaration and its later amendments or comparable
ethical standards. The study was approved by CECIC Rhône-
Alpes-Auvergne, Grenoble, IRB 5921 on 12 November 2019 (IRB
number: 5921) and patients provided written informed consent
to participate in this study.

Study Population
In this retrospective study, we reviewed 478 patients’ clinical
information and [18F]FDG PET-CT prescription provided by
the Rheumatology and Internal Medicine Departments of our
hospital from April 2011 to December 2015.

Inclusion criteria were (1) unclassified diagnosis at the time of
PET completion and (2) a delayed final diagnosis of RA following
the 2010 American College of Rheumatology/European League
Against Rheumatism’s criteria (10), of PMR following its
2012 criteria (11) and of SA following the 2009 Assessment
of Spondylarthritis International Society’s criteria (12). If the
rheumatism did not meet these criteria, rheumatologists and
internists agreed on a final diagnosis. Yet, some patients
remained with a diagnosis of unclassified rheumatism. [18F]FDG
PET-CT exams were not included in the paraclinical tests used
for the final rheumatic diagnosis.

Exclusion criteria were absence of inflammatory rheumatism,
namely rheumatic diseases without inflammatory rheumatism
(prosthetic loosening, narrowing of the lumber vertebral
canal, fracture, fibromyalgia, osteoarthritis, shoulder hand
syndrome), infectious disease, inflammatory diseases without
musculoskeletal manifestations. Absence of active disease at
the time of the [18F]FDG PET-CT was also an exclusion
criteria. However, patients already treated with corticosteroids
or other immunosuppressants treatments were not excluded.
When available, the following data was collected: rheumatism
activity parameters such as C-reactive protein (CRP), erythrocyte
sedimentation rate (ESR), treatment with corticosteroids, or
other immunosuppressants (including duration and dose).

Image Acquisition
Patients fasted for at least 4 h and were injected with an activity
of 3–4 MBq/kg of [18F]FDG according to current guidelines.
Sixty minutes after injection, PET and unenhanced CT images
were acquired on a PET-CT scanner: Discovery ST or Discovery
710 Optima 660 (General Electric Healthcare). 85% of the
acquisitions extended from the skull to the upper third of the
femurs, with the upper extremities situated either along the body
or above the head and 15% of the PET/CT involved the entire
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body. Images reconstruction parameters were identical for PET-
CT scanner. A fully 3D time-of-flight iterative reconstruction
scheme (VUE Point FX) was used (Ordered subsets expectation
maximization algorithm, 24 subsets, 2 iterations) with point
spread function modeling (SHARP IR) (13). A low-dose CT
scan was acquired for attenuation correction. The full width at
half maximum (FWHM) of the gaussian filter was 6.4mm. The
voxel size was 2.7344 × 2.7344 × 3.27 mm3. Each voxel in PET
images were converted into standard uptake value (SUV) with the
following formula: SUV = voxel concentration activity ∗ patient
body weight/decay corrected injected activity (14).

Image Analysis
[18F]FDG uptakes were analyzed at 17 different sites
(Supplementary Figures), both articular and peri-articular
as proposed by Sondag et al. (5): two shoulders, two
acromioclavicular joints (AC joint), and two sternoclavicular
joints (SC joint), the most intense interspinous bursa, two
hips, two trochanteric bursas (TB), two ischial bursas (IB),
two iliopectineal bursas (IPB), and two symphysis pubis
enthesis (SPE).

[18F]FDG uptake was visually assessed by one experienced
nuclear medicine physician with high training in rheumatic
disease. Each site was assessed using a standardized 0 to 3 grading
system in comparison with the liver uptake (0: no uptake, 1:
uptake lower than the liver, 2: moderate uptake, same as that
of the liver, 3: higher uptake than the liver) as suggested by the
joint procedural recommendation of the European Association
of Nuclear Medicine, the Society of Nuclear Medicine and
Molecular Imaging and the PET Interest Group (15).

Input Data for Machine Learning Analysis
We defined a positive site as a site with a score of 2 or 3 (3–
5, 15). Bilateral site was considered positive when at least one side
was positive. Nine sites were therefore used as input for machine
learning analysis: shoulder, AC joint, SC joint, interspinous bursa,
hip, TB, IB, IPB, and SPE. So, for each patient, machine learning
algorithm was supplied with a vector of 9 numbers composed of
0 or 1 values, following the positivity or not of each site.

Machine Learning Training and Validation
The machine learning algorithm used to find the best ordered
combination of FDG positivemusculoskeletal sites was a decision
tree classifier. A decision tree is a flowchart-like tree structure
in which a root node represents feature, the branch represents
a decision rule, and a leaf node represents the outcome. The
classifier is an algorithm that partitions the tree in a recursive
manner to test which feature of each node - in this case the
musculoskeletal site- divides optimally the dataset in two subsets
in PMR patients vs. other patients.

The classification method was based on an optimized version
of the Classification and Regression Tree (CART) algorithm (16).
Heuristic for selecting the splitting criterion is Gini index. It
provided a rank to each attribute by explaining the given dataset.
Best score attribute was selected as a splitting attribute. The
maximum depth of the decision tree was set to two. This machine

learning approach was performed using Python (version 3.7) and
the open source Scikit-learn package (17).

In order to train and validate decision tree classifier, the study
cohort was randomized, stratified on the final diagnosis, on ratio
3: 1 into training and validation cohorts (18). So, classifiers were
developed on the training cohort and diagnosis performances
were evaluated on the validation cohort.

Statistical Analysis
Firstly, sensitivity (Se) and specificity (Sp) values for PMR
diagnosis vs. other inflammatory rheumatisms were calculated at
each site and in combinations of 2 sites (considered positive if
both sites were positive).

Secondly, we built a decision tree in order to get the best
ordered combination of two sites and measured its Se and
Sp values.

Thirdly, we evaluated the diagnostic performance of our
algorithm with Se, Sp, positive likelihood ratio (LR+) and
negative likelihood ratio (LR–).

Statistical analysis was performed using R software version
3.5.2 (19). Continuous variables were reported as mean (±
standard deviation) or median ([range]). Categorical variables
were represented as proportions (percentages). All tests were
two-sided. Confidence intervals (Cis) were reported at the 95%
level, and p < 0.05 was considered statistically significant.

RESULTS

Patient Characteristics
140 patients with a final diagnosis of inflammatory rheumatisms
were selected. Table 1 compares PMR patients’ characteristics
to patients with other inflammatory rheumatism. No significant
difference was found between PMR and other patients as far
as age, sex, inflammatory parameters [e.g., C-reactive protein
(CRP), erythrocyte sedimentation rate (ESR)] and steroids dose
were concerned. Twenty nine (52.7%) patients in the PMR group
and 25 (29.4%) among the other inflammatory rheumatisms
patients received steroids before [18F]FDG PET-CT.

The cohort was composed of 55 patients with PMR (39,3%), 42
patients with RA (30%), 17 patients with SA (12,1%), 6 patients
with unclassified rheumatism (4.3%), 3 patients with SAPHO
(2.1%), and an equal number of 4 patients (2,9%) with RS3PE,
psoriatic rheumatism and paraneoplastic rheumatism. Among
those diagnosed with PMR, 10 patients were also diagnosed with
Giant Cell Arteritis (GCA).

The training cohort was composed of 105 patients, the
validation cohort was composed of 35 patients and both stratified
based on the final diagnosis. No significant difference was found
between both cohorts as far as age, sex, inflammatory parameters,
and steroids dose are concerned.

PMR Diagnostic Value of Musculoskeletal
Sites Analyzed Individually
Se and Sp values of each musculoskeletal sites were detailed
in Table 2. Proportion of positive musculoskeletal site for each
group is in Supplementary Table 1. Mean Sp and mean Se of
musculoskeletal sites analyzed individually to diagnose PMR
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TABLE 1 | Patient characteristics from the polymyalgia rheumatica and other

inflammatory rheumatisms groups.

Characteristics PMR patients

(n = 55)#
Other

inflammatory

rheumatisms

(n = 85)

p

Age (median, min-max range), years 70.4 [41–91] 69.0 [34–96] 0.97

Male (n, %) 25 (45%) 36 (42%) 0.28

CRP (median, min-max range),

(mg/L)

32 [0–270] 17 [0–255] 0.10

ESR (median, min-max range),

(mm/h)

41 [3–138] 35.5 [0–165] 0.88

Steroids dose (median, min-max

range), (mg/day)

10.5 [2–30] * 8 [4–20]* 0.19

Rheumatoid arthritis (n, %) - 42 (30%)

Spondylarthritis (n, %) - 17 (12.1%)

Unclassified rheumatism (n, %) - 6 (4,3%)

Remitting seronegative symmetrical

synovitis with pitting oedema

(RS3PE) (n, %)

- 4 (2,9%)

Psoriatic rheumatism (n, %) - 4 (2,9%)

Paraneoplastic rheumatism (n, %) - 4 (2,9%)

Synovitis-acne-pustulosis-

hyperostosis-osteitis (SAPHO) (n,

%)

- 3 (2.1%)

PMR, Polymyalgia rheumatica; CRP, C-reactive protein; ESR, erythrocyte

sedimentation rate.

*29 patients in the PMR group and 25 in the other inflammatory rheumatisms group.
#Among those diagnosed with PMR, 10 patients were also diagnosed with Giant Cell

Arteritis (GCA).

TABLE 2 | Sensibility, specificity at each musculoskeletal site and at the only

combinations of 2 sites with sensitivity above 50% to diagnose patients with

polymyalgia rheumatica in the whole cohort of patients with various inflammatory

rheumatisms (n = 140).

Musculoskeletal site Sensitivity

(95% CI)

Specificity

(95% CI)

Shoulder 0.71 (0.59–0.83) 0.65 (0.55–0.75)

Acromioclavicular joint 0.47 (0.34–0.6) 0.82 (0.74–0.9)

Sternoclavicular joint 0.44 (0.3–0.57) 0.86 (0.79–0.93)

Interspinous bursa 0.6 (0.47–0.73) 0.91 (0.84–0.97)

Trochanteric bursa 0.58 (0.45–0.71) 0.93 (0.87–0.98)

Hip 0.42 (0.29–0.55) 0.81 (0.73–0.9)

Ischial bursa 0.6 (0.47–0.73) 0.86 (0.79–0.93)

Symphysis pubis enthesis 0.36 (0.24–0.49) 0.94 (0.89–0.99)

Iliopectineal bursa 0.24 (0.12–0.35) 0.87 (0.8–0.94)

Shoulder + ischial bursa

Trochanteric bursa+ ischial bursa

0.51 (0.37–0.63) 0.92 (0.86–0.98)

0.95 (0.91–1)0.51 (0.37–0.63)

CI, Confidence interval.

were respectively 85 and 49.1%. Symphysis pubis enthesis was the
most specific site (94.1 with 95% CI 0.89–0.99) and shoulder was
the most sensitive site (71 with 95% CI 0.59–0.83).

PMR Diagnostic Value of Two Concomitant
Positive Musculoskeletal Sites
Combinations of two positive sites were all imbalanced. Indeed,
only two combinations had a Se slightly above 50% namely
shoulder + ischial bursa with a Se of 51% (95% CI 0.37–0.63)
and a Sp of 91.8% (95% CI 0.86–0.98) and trochanteric bursa +
ischial bursa with a Se and a Sp of 51% (95% CI 0.37–0.63) and
95.3% (95% CI 0.91–1) (Table 2).

PMR Diagnostic Value of Machine Learning
Analysis
According the machine learning classifier output, the optimal
way to diagnose PMR was first to evaluate tracer accumulation in
interspinous bursa and then, if negative, to evaluate trochanteric
bursa tracer uptake. Both musculoskeletal sites are shown on
Figure 1 and decision tree is shown on Figure 2. Using this
method, Se and Sp to diagnose PMR were respectively 73.2%
(95% CI 0.60–0.87) and 87.5% (95% CI 0.77–0.98) in the training
cohort and 78.6% (95% CI 0.57–0.1) and 80.1% (95% CI 0.59–
1) in the validation cohort. LR+ and LR– were respectively
5.85 (95% CI 2.98–11.49) and 0.31 (95% CI 0.18–0.51) in the
training cohort and 3.95 (95% CI 1.6–9.72) and 0.27 (95% CI 0.1–
0.75) in the validation cohort. Pooled results are summarized in
Supplementary Table 2.

DISCUSSION

We used machine learning to define a short decision tree able
to detect PMR patients among a large retrospective cohort
of patients with inflammatory rheumatisms. Machine learning
enabled to enhance the diagnostic value of musculoskeletal site
assessed visually. Indeed, used individually or in combination of
two concomitant positive sites, sensitivity and specificity were
highly imbalanced and inappropriate to diagnose PMR. On
the other hand, machine learning defined order of two sites
allowed accurate specificity and sensitivity to diagnose PMR. We
purposely used a decision tree classifier as a white box model,
a system in which the inner logic is intelligible thus, results
were easily explained and interpreted. It eased clinical translation
of machine learning approaches to the clinics (20). Indeed,
assessment of the musculoskeletal sites should be prioritized in
clinical routine thanks to the created decision tree.

Splitting rules of the decision tree were based on a positive
interspinous bursa or, if negative, a positive trochanteric bursa.
The selected sites in decision tree were already explored in the
context of patients diagnosed with PMR. Firstly, interspinous
[18F]FDG uptake was correlated with MRI to interspinous
bursitis (21). It is also described as a very informative site to
diagnose PMR, with a specificity ranging from 82.4 to 100%
(3, 7). Its pooled LR+ 4 (95% CI 1.84–8.71) for diagnosis of
PMR is the highest among all musculoskeletal sites according
to a recent review (22). Therefore, our study results are in
accordance with the literature. Secondly, [18F]FDG uptake
at trochanteric bursa was due to the trochanteric bursitis.
It was one of the most consistent findings in PMR so its
inclusion in decision tree is in accordance with the literature
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FIGURE 1 | Musculoskeletal sites part of the decision tree are interspinous bursa (A; arrow head) and if negative trochanteric bursa (B; arrow head).

FIGURE 2 | Decision tree to diagnose polymyalgia rheumatica among a group of patients with inflammatory rheumatisms. (2: moderate uptake, same as that of the

liver).

(3, 23). Although easy to apply, these splitting rules gave
visual score-based decision tree a good accuracy. Its LR+ and
LR– are consistent with those of pooled composite [18F]FDG-
PET/CT scores which were respectively 3.91 (95% CI 2.42–
6.32) and 0.19 (95% CI 0.10–0.36) in a recent systemic
review about the diagnostic value of [18F]FDG-PET/CT in
PMR (22).

In the literature, global performance of [18F]FDG PET for
PMR diagnostic whatever criteria used, ranges from 74 to
92.4% for Se and from 79 to 92.6% for Sp (3–9). This is
in line with our results, in a large cohort and even after
validation in an independent cohort. Studies proposed various
composite articular scores in two different conditions: either
vs. control patients or vs. patients with other rheumatic
disease. For example, one approach was to define the total
skeletal score, which reflected uptake in the 12 studied articular
regions. Sensitivity and specificity were respectively measured
at 85.1 and 87.5%, controls being non-PMR-rheumatic or
inflammatory disease (7). Another approach was to look for a
minimum number of positive sites - at least 3 out of 17- in
order to be more effective in clinical routine. Sensitivity and
specificity to diagnose PMR patients vs. control group were
respectively of 74 and 79% (5). Regarding patients with other
rheumatic or inflammatory disease, sensitivity, and specificity

were respectively 86 and 85,5% (9). However, in both studies,
the diagnostic value of each site individually was not taken
into account. Recent studies encouraged to focus on positivity
of musculoskeletal sites more specifically associated with the
diagnosis of PMR. One study identified ischial tuberosities, peri
articular shoulder and interspinous bursa as 3 specific sites
allowing a PMR diagnosis. It suggested positivity of these 3 sites
resulted in a high sensitivity of 90.9% and a high specificity
of 92.4% vs. control patients (5, 6). However, it was unusual
to find the peri-articular shoulder site among the three, as its
specificity was usually low in various studies (3, 7). Furthermore,
diagnostic accuracy of more specific musculoskeletal sites was
evaluated in a small cohort of patients with various rheumatic
diseases. It suggested positivity of 2 sites among 3 assessed
(ischial tuberosity, greater trochanter, and lumbar spinous
process) resulted in a high sensitivity (85.7%) and specificity
(88.2%) (3). It was close to the ordered combination of
musculoskeletal sites established by machine learning to assess
PMR diagnosis in our large cohort. Splitting rules were based
on a positive interspinous bursa or, if negative, a positive
trochanteric bursa.

There were some limitations to our study, the first being
its retrospective design and descriptive nature. Inclusion
criteria were heterogeneous as various rheumatic diseases were
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considered. Moreover, whole body examination was not always
performed as some patients were not referred for rheumatic
pathology and [18F]FDG PET-CT were not always performed at
the same time as the disease evolved, both at initial evaluation
or during follow up. Besides, 29/55 (53%) of PMR patients
had already received glucocorticoids when [18F]FDG PET-CT
was performed. Glucocorticoids may have decreased sensitivity
of [18F]FDG PET-CT with reduced incidence of abnormal
finding and FDG uptake intensity (5) however, our diagnostic
accuracy remains reliable. In addition, although decision tree
suggests preferential articular or peri-articular sites to analyse to
differentiate PMR in a large cohort of patients with inflammatory
rheumatisms, assessment of PET should not be limited to 2
sites: full examination of all sites must be done. Lastly, we did
not include any quantitative analysis in this machine learning
approach because the objective was to propose a robust and
reproductive clinic visual method known to be less sensitive to
acquisition conditions than quantification methods (24). Finally,
our findings have to be validated in multicentric prospective
studies with larger cohorts. Methodological improvement
would be to develop an automatic segmentation of each
musculoskeletal site with automatic ratio quantification to
liver uptake.

CONCLUSION

We proposed an ordered combination of two visually positive
musculoskeletal sites to diagnose PMR thanks to machine
learning. Splitting rules were based on a positive interspinous
bursa or, if negative, a positive trochanteric bursa. It was
validated in a large cohort of patients with inflammatory
rheumatisms and was able to diagnose patient with an
accurate sensitivity and specificity. It could help clinicians with
PET-CT reporting.
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18F-FDG PET/CT Associates With
Disease Activity and Clinical
Recurrence of AOSD Patients
Xian Li, Chuning Dong, Xiaowei Ma* and Yunhua Wang*

Department of Nuclear Medicine, The Second Xiangya Hospital, Central South University, Changsha, China

Objective: The purpose of this study was to explore the value of 18F-FDG PET/CT in

monitoring the disease activity and predicting the prognosis of the Adult-onset Still’s

disease (AOSD).

Methods: We retrospectively analyzed the electronic medical records of 45 AOSD

patients who underwent 18F-FDG PET/CT in the Second Xiangya Hospital. PET/CT

imaging and clinical information were retrospectively reviewed and analyzed. 18F-FDG

uptake was assessed by measuring standard uptake value (SUV) in the spleen, liver,

bone marrow, and lymph nodes. The spleen-to-liver ratio of the SUVmax (SLRmax)

and SUVmean (SLRmean), the bone-to-liver ratio of the SUVmax (BLRmax), and

SUVmean (BLRmean), and the lymph nodes-to-liver ratio of the SUVmax (LyLRmax)

were calculated. Clinical and laboratory information were collected and evaluated for

association with metabolic parameters of 18F-FDG PET/CT. The influencing factors for

recurrence within 1 year were analyzed to determine whether 18F-FDG PET/CT can

predict the prognosis of AOSD patients.

Results: Elevated 18F-FDG uptake could be observed in bone marrow, spleen, and

lymph nodes of AOSD patients. Correlation analysis between 18F-FDG uptake of organs

and laboratory examinations showed that SLRmean positively correlated with LDH,

AST, ferritin, and the systemic score (r = 0.572, 0.353, 0.586, and 0.424, P < 0.05).

The SLRmean had the highest correlation with ferritin (r = 0586, P < 0.001). All

metabolic parameters in spleen, including SUVmax, SUVmean, SLRmax, and SLRmean,

are positively correlated with LDH level (r = 0.405, 0.539, 0.481, and 0.572, P < 0.05).

Bone marrow SUVmax, BLRmax, and BLRmean were correlated with C-reactive protein

(CRP) level (r = 0.395, 0.437, and 0.469, P < 0.05). Analysis of the influencing factors of

recurrence within 1 year showed that the spleen SUVmax, spleen SUVmean, SLRmax,

SLRmean, ferritin, and the systemic score of the recurrence groupwas significantly higher

than the non-recurrence group (P < 0.05). The SLRmean cutoff of 1.66 with a sensitivity

of 72.7% and specificity of 80.0% had the highest performance in predicting recurrence.

Conclusion: The glucose metabolism of the liver, spleen, and bone marrow of AOSD

patients were correlated with laboratory inflammatory indicators and system score,

suggesting that 18F-FDG PET/CT could be applied to evaluate disease activity. Moreover,

spleen 18F-FDG uptake may be a potential biomarker for predicting clinical prognosis of

AOSD patients.

Keywords: 18F-FDG, AOSD, disease activity, recurrence, PET/CT, still’s disease
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INTRODUCTION

AOSD is a multisystemic autoinflammation disorder usually
affecting young adults, which is associated with many
inflammatory factors including IL-1 (inetleukin-1, IL-1),
IL-6, IL-8, tumor necrosis factor alpha (TNF-α), and interferon
gamma (IFN-γ) (1, 2). AOSD is characterized by four cardinal
symptoms, fever, rash, arthralgia, and increased leukocyte and
neutrophil counts. Many other manifestations can also occur,
such as odynophagia, myalgia, myositis, lymphadenopathy,
and splenomegaly. However, nonspecific clinical sign or
biological abnormality is unable to ascertain the diagnosis of
AOSD. The most widely used diagnosis criteria of AOSD
is Yamaguchi criteria, but the criteria ought to exclude
infections, malignant tumors, and other rheumatic diseases.
Then performing a comprehensive diagnostic work-up is
challenging in clinical practice.

Accompanied with activation of systemic inflammation,
AOSD is closely related to inflammatory activity and may
develop severe and life-threatening complications, such as
macrophage syndrome, disseminated intravascular coagulopathy
(DIC), thrombotic thrombocytopenic purpura (TTP) (3–5). The
most common methods for assessing AOSD activity are systemic
score and laboratory tests, such as erythrocyte sedimentation rate
(ESR), C-reactive protein (CRP), lactate dehydrogenase (LDH),
aspartate aminotransferase (AST), alanine aminotransferase
(ALT), and plasma ferritin (6, 7). 18F-FDG PET/CT, which
reflect the glucose metabolism of organs, can be used in
differential diagnosis of AOSD and malignant tumors and
other autoimmune diseases (8, 9). However, 18F-FDG PET/CT
imaging for assessing AOSD disease activity have not been
well-established. Some researches have demonstrated 18F-FDG
PET/CT may be associated with the activity of the disease (10,
11), but their limitation is a small sample sized. Thus, more
investigations are required to certify its value for accessing disease
activity. Besides, a reliable method for predicting the therapeutic
response and outcome has not been established (12). Therefore,
it is critically important to develop new tools for effectively
monitoring disease activity and predicting the outcome of AOSD
in order to prevent fatal complications.

In this study, we retrospectively investigated a group
of patients with AOSD to explore the role of 18F-FDG
PET/CT imaging in evaluating the disease activity and
predicting prognosis.

MATERIALS AND METHODS

Patient Selection
The medical records and PET/CT images of 45 AOSD patients
at the Second Xiangya Hospital, Central South University,
from January 2015 to June 2019 were reviewed. Inclusion
criteria: (1) Met the Japan’s Yamaguehi criteria (13), it contains
four major criteria (fever, rash, arthritis, and leukocytosis)
and five minor criteria (sore throat, lymphadenopathy,
hepatomegaly/splenomegaly, altered liver function test, and
negative for antinuclear antibodies and rheumatoid arthritis)
criteria. A total of five or more criteria are required to make the
diagnosis, including at least two major criteria; (2) Followed

up by telephone or outpatient service for more than 6 months;
(3) Complete laboratory examinations within 3 days before and
after 18F-FDG PET/CT examination; (4) No previous history of
malignant tumor; (5) Complete clinical data. Exclusion criteria:
(1) previous history of tumors; (2) patients who had progressed
to other rheumatic diseases or malignant tumors; (3) Incomplete
clinical data. This retrospective study was approved by Medical
Ethical Committee of The Second Xiangya Hospital.

Clinical Information and Laboratory Data
and Therapeutic Data Collection
Clinical information included age, sex, and length of disease.
Laboratory data included cell counts of white blood cell,
neutrophil, lymphocyte, monocyte, and platelet and hemoglobin,
ALT, AST, ESR, CRP, LDH, and ferritin levels. All laboratory
tests were measured within 3 days of the date of the
PET/CT scan. Other tests included bone marrow aspiration and
lymph node biopsy. Therapeutic Data included drug category
(glucocorticoids or nonsteroidal anti-inflammatory drugs or
antirheumatic drugs), medication time, sequence of drug therapy
and PET/CT examination.

The systemic score standard is mainly based on clinical
manifestation scores for disease activity evaluation (14), with
a score of 0–12, and 1 point for each of the following clinical
manifestations: fever, typical rash, pleurisy, pneumonia,
pericarditis, hepatomegaly, or abnormal liver function,
splenomegaly, large lymph nodes, sore throat, myalgia,
abdominal pain, and white blood cell count ≥15 × 109/L. The
total score ≥ 2 points is regarded as an active stage of AOSD.

Criteria for Recurrence
All patients were followed up for at least 6 months to exclude
other rheumatic diseases or malignant tumors. Recurrence refers
to the disappearance of clinical manifestations such as fever
and rash after systemic treatment and the discharge of related
laboratory indicators to the normal range. During the one-
year follow-up period after discharge from the hospital, under
the premise of taking regular medication and eliminating other
pathogenic factors such as infection, patients recurred fever, rash,
arthralgia, sore throat, lymphadenopathy, splenomegaly and
other AOSD-related clinical symptoms, accompanied by relevant
laboratory indicators and abnormalities in imaging examinations
(X-ray, CT or MRI).

18F-FDG PET/CT Image Acquisition
All 18F-FDG PET/CT images were acquired with a standard
protocol on a dedicated PET/CT scanner (Biography mCT,
Siemens Medical Systems, Germany). Patients fasted for 6 h
before the PET/CT scan, and a blood glucose level below 140
mg/dL was confirmed. The PET/CT scan was performed 60min
after the intravenous administration of 5.0 MBq/Kg body weight
of 18F-FDG. The first procedure of scanning is CT scan (120 kV,
200mA, and layer thickness 3.0mm). Then the PET scan was
performed with an acquisition time of 1.5min per bed position in
3-dimensional mode. Imaging ranging from the base of the skull
to the middle of the thighs was acquired for each patient, then
the image is reconstructed by the iterative method, and the data
is transferred to the MMWP image post-processing workstation.

Frontiers in Medicine | www.frontiersin.org 2 May 2021 | Volume 8 | Article 66832326

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Li et al. 18F-FDG PET/CT on AOSD Patients

FIGURE 1 | 3D ROI was manually delineated according to the contours of

liver, spleen and spine, SUVmax, and SUVmean of corresponding regions was

obtained.

PET/CT Imaging Analysis
PET/CT imaging was firstly visually analyzed by two experienced
nuclear medicine physicians to determine whether there was
abnormal 18F-FDG uptake and/or structural changes in the
imaging. Secondly, the location, number, 18F-FDG uptake,
and systemic distribution of abnormal lesions were recorded.
Thirdly, the maximum standardized uptake value (SUVmax)
and mean standardized uptake value (SUVmean) of the liver,
spleen, and bone marrow was measured and recorded by a
fixed physician, using the three-dimensional region of interest
(3D ROI) technique manually. The ROIs on liver, spleen, and
spine were manually delineated according to the contours of
target organs slice-by-slice and then reconstructed to three-
dimensional region of interest (3D ROI). The bone marrow
SUV measurement is obtained by delineating the ROI of
five adjacent vertebral bodies (from T11-L3 spine, except for
compression fractures or severe osteoarthritis changes, or those
undergoing surgery due to spinal diseases Patient) (Figure 1).
When an abnormal lymph node was found, the SUVmax was
measured and recorded. The spleen-to-liver ratio of the SUVmax
(SLRmax) and SUVmean (SLRmean) was calculated by dividing
the spleen SUVmax and SUVmean by the liver SUVmax and
liver SUVmean, respectively, and the bone marrow-to-liver ratio
of the SUV max (BLRmax) and SUVmean (BLRmean) was
calculated by dividing the bone marrow SUVmax and SUVmean
by the liver SUVmax and liver SUVmean, respectively. The
lymph node-to-liver ratio of SUVmax (LyLRmax) was calculated
by dividing lymph node SUVmax by the liver SUVmax.

Statistical Analysis
Data were analyzed using SPSS, version 25 (SPSS Inc.).
Continuous variables are expressed as mean with SD, and
continuous variables data were compared using the Student

TABLE 1 | Baseline characteristics of AOSD patients.

Variable n Minimum Maximum x ± s

WBC count (/µL) 45 2.9 31.3 13.7 ± 6.4

Neutrophil count (/µL) 45 2.1 29.3 11.4 ± 6.2

Lymphocyte count (/µL) 45 0.4 5.8 1.5 ± 1.0

Monocyte count (/µL) 45 0.1 0.9 0.5 ± 0.2

Hemoglobin (g/dL) 45 49.0 127.0 96.0 ± 18.4

Platelet count (1,000/µL) 45 81.0 531.0 256.2 ± 113.9

ESR (mm/h) 35 7.0 274.0 74.1 ± 48.4

CRP (mg/L) 36 0.8 215.0 70.5 ± 51.2

LDH(IU/L) 33 210.0 1863.8 655.1 ± 404.6

Ferritin (ng/mL) 32 2005.4 40000.0 22120.5 ± 15390.3

ALT (IU/L) 38 9.6 298.1 50.9 ± 59.9

AST (IU/L) 38 18.6 142.9 59.8 ± 34.3

Systemic score 45 2.0 10.0 6.3 ± 1.4

WBC, white blood cell; ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; AST,

aspartate aminotransferase; ALT, alanine aminotransferase; LDH, lactate dehydrogenase.

t-test. Categoric variables are expressed as frequencies and
percentages, compared using the x2 test. Correlations between
laboratory variables and metabolic parameters (SUVmax,
SUVmean, SLRmean, SLRmax, BLRmean, BLRmax, and
LyLRmax) were calculated by the Pearson correlation analysis.
The discriminative ability of spleen SUVmax, spleen SUVmean,
SLRmax, SLRmean for predicting recurrence was analyzed
using area under the receiver-operating-characteristic (ROC)
curve. The area under the ROC curve was presented with 95%
confidence interval (CI), and the Youden index was used to
identify the maximal cutoff. When P value was less than 0.05, the
difference was considered statistically significant.

RESULTS

Baseline Characteristics of Patients and
Pathology and Therapeutic Data
Thirty-one female and 14 male patients with a mean age of 36.4
years (range, 16–74 years) took part in the present study. The
duration of the disease ranged from 1 week to 2 years, with a
mean of 109 days. The laboratory data and systemic score of 45
patients are shown in Table 1. Twenty-seven patients underwent
bone marrow biopsy, all of which were myelohyperplasia.
Nineteen patients underwent lymph node biopsy, of which
2 cases showed necrotizing lymphadenitis, 1 case had lymph
node structural disorder, and the rest had lymph node reactive
hyperplasia. Nine skin biopsies were performed, and there were
no apparent abnormalities.

Of the 45 patients, 17 patients did not receive drug therapy
before PET/CT examination, and 28 patients received medical
treatment within 3 days before PET/CT examination, of which
19 patients received monotherapy (glucocorticoids/nonsteroidal
anti-inflammatory drugs/conventional synthetic DMARDs) and
9 patients received combination therapy. Among all treated
patients, the mean duration of treatment was 7 days, the shortest
treatment time was 2 days and the longest was 30 days.

Frontiers in Medicine | www.frontiersin.org 3 May 2021 | Volume 8 | Article 66832327

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Li et al. 18F-FDG PET/CT on AOSD Patients

TABLE 2 | 18F-FDG uptakes in AOSD patients.

Lesion n SUVmax SUVmean

Range x ± s Range x ± s

Spleen 42 (93.3%) 2.28–10.52 4.82 ± 1.64 1.07–6.30 2.73 ± 1.05

Bone marrow 41 (91.1%) 2.46–10.81 5.66 ± 1.90 1.12–4.87 2.38 ± 0.83

Lymph node 42 (93.3%) 2.33–42.67 10.32 ± 7.68 – –

Joint 7 (15.6%) 3.30–6.10 4.3 ± 0.68 – –

Parotid gland/Salivary gland 3 (6.7%) 2.60–4.50 3.70 ± 0.98 – –

FIGURE 2 | 18F-FDG PET/CT images in a 23-year-old female of AOSD

patient. PET/CT showed diffusely increased 18F-FDG uptake in spleen, bone

marrow and lymph nodes, and reactive hyperplastic lymph nodes

symmetrically distributed in the whole body.

During the follow-up period, 41 patients were followed up
for more than 1 year. Of those 41 patients, 37 patients received
glucocorticoids as first-line treatment, 20 of whom received non-
steroidal anti-inflammatory drugs simultaneously, and 17 of
whom received conventional synthetic DMARDs. Two patients
received single nonsteroidal anti-inflammatory drugs and anti-
rheumatic drugs as first-line treatment, respectively. The average
treatment time for all patients was 8.2 months, the shortest was 3
months, and the longest was 25.3 months.

Characteristics of 18F-FDG PET/CT
Imaging in AOSD Patients
In AOSD patients, the main manifestations of PET/CT images
are diffusely increased FDG uptake in the spleen, bone marrow,
and lymph nodes (Table 2 and Figure 2). The spleen glucose
metabolism increased in 42 patients, all accompanied by
splenomegaly. Reactive hyperplastic lymph nodes with increased
18F-FDG uptake of 42 patients were distributed in the whole
body, most of them located in the neck and axilla. All lymph
nodes were regular and oval; there was almost no fusion or
calcification, and only 1 case had a tendency of fusion. Seven
patients had increased FDGuptake in the joints, mainly involving
the shoulder and hip joints, with joint pain in all cases. In

addition, 10 patients had pleural effusion, and 2 patients had
pericardial effusion.

Association of Laboratory Variables With
Metabolic Parameters
In AOSD patients, correlation analysis between metabolic
parameters and laboratory examination showed that SLRmean
correlated positively with LDH, AST, ferritin, and the systemic
score (r = 0.572, 0.353, 0.586, and 0.424, P < 0.05; Figure 3),
and SLRmean had the highest correlation with ferritin (r =

0586, P < 0.001). LDH was positively correlated with spleen
SUVmax, spleen SUVmean, SLRmax, SLRmean (r = 0.405,
0.539, 0.481, 0.572, and P < 0.05; Figure 4). In addition, bone
marrow SUVmax, BLRmax, and BLRmean were correlated with
C-reactive protein (r = 0.395, 0.437, 0.469, and P < 0.05;
Supplementary Table 1). We also analyzed the association of
laboratory variables between LDH, liver enzyme, ferritin, and the
systemic score (Supplementary Table 2). ESR, CRP, LDH, AST,
ferritin, and the systemic score are related to each other.

Differentiation Between AOSD Recurrence
Group and Non-recurrence Group
Forty-one AOSD patients completed more than 1 year follow-
up, of which 25 patients (60.98%) relapsed, 16 patients (39.02%)
did not relapse. Analysis of the influencing factors of recurrence
within 1 year showed that spleen metabolic parameters (spleen
SUVmax, spleen SUVmean, SLRmax, and SLRmean), ferritin,
and systemic score of the recurrence group was significantly
higher than the nonrecurrence group (P < 0.05; Table 3).
ROC analysis of spleen metabolic parameters (spleen SUVmax,
spleen SUVmean, SLRmax, and SLRmean), ferritin, and systemic
score were performed to differentiate AOSD recurrence and
nonrecurrence (Figure 5). SLRmean had the highest ROC value,
and a SLRmean cutoff of 1.66 had a sensitivity of 72.7% and
specificity of 80.0% (area under the ROC curve, 0.824; 95%
CI, 0.692–0.957; P < 0.001; Table 4 and Figure 6). In addition,
treatment prior to PET/CT examination did not change the
metabolic parameters of the organs, there was no significant
difference of metabolic parameters between the AOSD treatment
group and the untreated group (Supplementary Table 3).

DISCUSSION

AOSD is an autoinflammation disease of unknown etiology.
Its clinical symptoms are varied, typically characterized by
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FIGURE 3 | SLRmean correlated positively with LDH, AST, ferritin, and systemic score (P < 0.05).

FIGURE 4 | LDH was positively correlated with spleen SUVmax, spleen SUVmean, SLRmax, SLRmean, and LDH (P < 0.05).
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fever, rash, arthralgia, increased leukocyte, and neutrophil
counts. These manifestations and relevant laboratory
tests lack specificity, so early diagnosis is problematic in
clinical work. Increased 18F-FDG uptake involving various

TABLE 3 | Comparison of laboratory variables and metabolic parameters

between AOSD recurrence group and non-recurrence group.

Variable Recurrence group Non-recurrence group P

n 25 (60.98%) 16 (39.02%) /

Clinical variables

Age 37.20 ± 14.18 35.75 ± 17.08 0.770

Sex

Male 4 (16.00%) 9 (56.25%) 0.018*

Female 21 (84.00%) 7 (43.75%)

Laboratory variables

WBC count (×109/L) 14.09 ± 5.76 11.24 ± 5.90 0.133

Neutrophil count

(×109/L)

11.66 ± 5.89 9.27 ± 5.10 0.186

ESR# (mm/h) 67.53 ± 26.50 76.14 ± 68.41 0.619

CRP# (mg/L) 71.77 ± 50.87 59.59 ± 41.51 0.463

LDH* (U/L) 743.30 ± 379.65 619.49 ± 450.40 0.421

Ferritin† (ng/mL) 27416.00 ± 15096.67 14542.14 ± 13378.14 0.033*

Systemic score 6.76 ± 1.51 5.50 ± 1.59 0.015*

Metabolic parameters

Liver SUVmax 3.54 ± 1.01 3.56 ± 0.92 0.941

Liver SUVmean 1.53 ± 0.32 1.64 ± 0.31 0.285

Spleen SUVmax 5.43 ± 1.77 4.01 ± 1.07 0.006**

Spleen SUVmean 3.12 ± 1.17 2.24 ± 0.57 0.008**

Bone SUVmax 5.91 ± 2.03 5.07 ± 1.39 0.158

Bone SUVmean 2.53 ± 0.97 2.18 ± 0.55 0.149

Lymph node

SUVmax

11.48 ± 8.90 8.92 ± 6.23 0.322

SLRmax 1.59 ± 0.52 1.18 ± 0.39 0.011*

BLRmax 1.70 ± 0.53 1.53 ± 0.59 0.334

LLRmax 3.37 ± 2.62 2.60 ± 2.01 0.305

SLRmean 2.02 ± 0.54 1.39 ± 0.34 0.000***

BLRmean 1.65 ± 0.51 1.38 ± 0.47 0.107

WBC, white blood cell; ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; AST,

aspartate aminotransferase; ALT, alanine aminotransferase; LDH, lactate dehydrogenase;
#33 patients; *30 patients; †28 patients. *P < 0.05, **P < 0.01, ***P < 0.001.

pathologic conditions, including malignancies, infections,
and non-infectious, is greatly beneficial to the diagnosis of
clinical diseases. Some studies have demonstrated the role of
18F-FDG PET/CT in assisting the diagnosis of ASOD (8, 9, 15).
However, researches for 18F-FDG PET/CT evaluating AOSD
disease activity are limited and whether it can assess prognosis
remains unknown. In our study, we found that the glucose
metabolism of the liver, spleen, and bone marrow of AOSD
patients correlated with laboratory inflammatory indicators
and systemic score, suggesting 18F-FDG PET/CT may be a
useful imaging method for the assessment of disease activity
throughout the body. Furthermore, our study demonstrated that
18F-FDG PET/CT might predict AOSD prognosis, with spleen
uptake is elevated in AOSD recurrence group compared with the
nonrecurrence group.

For the 18F-FDG PET/CT imaging of AOSD, it’s common that
18F-FDG uptake of spleen, bone, and lymph nodes is elevated,
with hepatosplenomegaly. These manifestations are consistent
with previous reports (9, 11). Other lesions such as joints and
glands may also accumulate a high level of 18F-FDG, which
helps the diagnosis (16). Due to the diagnosis of AOSD is
exclusive, it’s necessary to rule out cancers, infections, and other
autoimmune diseases firstly. Most notable is that the 18F-FDG
PET/CT imaging of AOSD is similar to lymphoma. It’s widely
known that 18F-FDG PET/CT is essential in detecting malignant
lesions. For differential diagnosis of AOSD and lymphoma,
studies have shown the morphology of lymphoma’s enlarged
lymph nodes is variable and different, and the degree of 18F-
FDG uptake of lymphoma is higher than AOSD (9). Moreover,
18F-FDG PET/CT could facilitate accurate localization of the
high radioactive concentration to guide pathologic puncture to
further diagnosis.

In the current study, the comparison of metabolic parameters
with laboratory tests manifested distinct patterns. Metabolic
parameters of the spleen (SUVmax, SUVmean, SLRmean, and
SLRmax) were associated with ferritin level, liver enzymes,
LDH, and systemic score, whereas bone marrow glucose
metabolism was associated with CRP. Serum ferritin is an
acute-phase reactant, which can elevate in various autoimmune
and autoinflammation diseases, such as AOSD and systemic
lupus erythematosus. An increase of more than five times of
ferritin has a high specificity in the diagnosis of AOSD, and

FIGURE 5 | Spleen SUVmax, Spleen SUVmean, and SLRs were compared among the recurrence group and non-recurrence group. *P < 0.05, **P < 0.01,

***P < 0.001.
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TABLE 4 | Comparison of metabolic parameters and ferritin and the systemic

score in differentiating between AOSD recurrence group and non-recurrence

group.

Variable Cutoff Sensitivity Specificity Area under curve

Sleen SUVmax 4.76 72.0 75.0 0.758 (0.606–0.909)

Sleen SUVmean 2.53 80.0 69.0 0.745 (0.592–0.898)

SLRmax 1.14 84.0 56.2 0.725 (0.556–0.894)

SLRmean 1.66 72.7 80.0 0.824 (0.692–0.957)

Ferritin 36690.00 52.6 90.0 0.737 (0.547–0.927)

The systemic score 7.50 37.0 100.0 0.718 (0.533–0.904)

it is closely related to the activity state of the disease (6, 17).
AOSD can affect a variety of lesions, of which the liver is a
commonly involved organ. The mechanisms are not yet clear
but may be related to the continuous activation of macrophages
and the production of cytokines (18). The primary manifestation
of liver damage is transaminase elevate, which may relative
to the activity of AOSD disease (19). Besides, AOSD patients
are often accompanied by increased LDH. Our finding showed
a significant correlation between ferritin, liver enzymes, and
LDH, suggesting these indicators interact with each other and
are closely related to the body’s inflammatory response. As
the largest organ in the lymphatic system of the whole body,
the spleen is responsible for filtering blood and monitoring
blood-borne antigens. When an inflammatory reaction occurs,
the dendritic cells and T cells of the spleen process antigen
and directly contact the pro-inflammatory cytokines in the
blood (20). During the activation process, the metabolism of
dendritic cells and T cells changes, from oxygen metabolism
to glycolysis for energy (21, 22). Therefore, it is feasible to
assess spleen immunometabolism through 18F-FDG uptake in
systemic inflammation (23, 24). Our study demonstrates there
is a significant correlation between splenic 18F-FDG uptake
and laboratory inflammatory parameters. In addition, 18F-
FDG uptake of bone marrow was associated with CRP, which
may be due to the regulation of bone marrow metabolism
induced by inflammatory factors (25), suggesting that spleen 18F-
FDG uptake may provide more comprehensive information in
accessing the inflammatory condition of the whole body than
traditional laboratory examinations.

Identification of prognostic factors is extremely vital for the
proper treatment of AOSD. 18F-FDG PET/CT, currently themost
commonly used whole-body molecular imaging technology, can
not only discover inflammatory reactions and early changes in
a disease that cannot be detected by routine laboratory tests but
also has significant potential in predicting disease outcome. Since
the spleen plays a crucial role in the innate and adaptive immune
response, some scholars have indicated that splenic 18F-FDG
uptake is related to the prognosis of rheumatic immune disease,
melanoma, and other diseases (24, 26). In this study, spleen 18F-
FDG uptake of the AOSD recurrence group was significantly
higher than the non-recurrence group, andmetabolic parameters
of spleen had higher ROC values than ferritin and systemic score,
demonstrating splenic radiological uptake may be a potential
indicator for predicting AOSD recurrence. Increased spleen 18F-
FDG uptake may be an overall reflection of the inflammatory

FIGURE 6 | A ROC curve of spleen metabolic parameters. SLRmean had the

highest ROC value (P < 0.001).

state, or it may be an early sign of severe systemic inflammation
that has not been detected by traditional laboratory tests (24).
Therefore, closer monitoring is required and necessary for AOSD
patients with high spleen 18F-FDG uptake.

Previous studies revealed that 18F-FDG PET/CT could help
differentiate AOSD from other febrile autoimmune diseases,
and 18F-FDG PET/CT may evaluate the therapeutic effect of
AOSD (8, 27). Our study further extended the application of 18F-
FDG PET/CT in assessing AOSD disease activity and predicting
of recurrence.

Our study has several limitations. Firstly, it is a single-
institution retrospective observational study, with bias in patient
selection and analysis. Secondly, only AOSD patients were
included. Other differential diagnoses, such as cancer or
infection, may present different splenic glucose metabolism
patterns and changes.

CONCLUSION

The glucose metabolism of the liver, spleen, and bone marrow
of AOSD patients were correlated with laboratory inflammatory
indicators and systemic score, suggesting that 18F-FDG PET/CT
could be applied to evaluate disease activity. Moreover, spleen
18F-FDG uptake may be a potential biomarker for predicting
clinical prognosis of AOSD patients.
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Giant cell arteritis (GCA) and polymyalgia rheumatica (PMR) are two interrelated

inflammatory diseases affecting patients above 50 years of age. Patients with GCA suffer

from granulomatous inflammation of medium- to large-sized arteries. This inflammation

can lead to severe ischemic complications (e.g., irreversible vision loss and stroke) and

aneurysm-related complications (such as aortic dissection). On the other hand, patients

suffering from PMR present with proximal stiffness and pain due to inflammation of the

shoulder and pelvic girdles. PMR is observed in 40–60% of patients with GCA, while up to

21% of patients suffering from PMR are also affected by GCA. Due to the risk of ischemic

complications, GCA has to be promptly treated upon clinical suspicion. The treatment of

both GCA and PMR still heavily relies on glucocorticoids (GCs), although novel targeted

therapies are emerging. Imaging has a central position in the diagnosis of GCA and PMR.

While [18F]fluorodeoxyglucose (FDG)-positron emission tomography (PET) has proven to

be a valuable tool for diagnosis of GCA and PMR, it possesses major drawbacks such

as unspecific uptake in cells with high glucose metabolism, high background activity in

several non-target organs and a decrease of diagnostic accuracy already after a short

course of GC treatment. In recent years, our understanding of the immunopathogenesis

of GCA and, to some extent, PMR has advanced. In this review, we summarize the

current knowledge on the cellular heterogeneity in the immunopathology of GCA/PMR

and discuss how recent advances in specific tissue infiltrating leukocyte and stromal cell

profiles may be exploited as a source of novel targets for imaging. Finally, we discuss

prospective novel PET radiotracers that may be useful for the diagnosis and treatment

monitoring in GCA and PMR.

Keywords: PET/CT, giant cell arteritis (GCA), polymyalgia rheumatica (PMR), radiotracer, imaging, large-vessel

vasculitis (LVV)
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INTRODUCTION

Giant cell arteritis (GCA) and polymyalgia rheumatica (PMR)
are two related inflammatory diseases exclusively affecting adults
above the age of 50, with a peak incidence between 75 and
79 years of age (1). GCA is a vasculitis affecting medium- to
large-sized arteries which can be subclassified into a spectrum
that includes cranial GCA (C-GCA) and large-vessel GCA
(LV-GCA) (2). C-GCA mainly affects the cranial arteries and
leads to ischemic symptoms such as jaw claudication, vision
loss, and stroke (3, 4). LV-GCA mainly affects the aorta and
its main branches and may lead to aneurysm formation and
aortic dissection. Up to 83% of GCA patients present with
overlapping C-GCA and LV-GCA (5). PMR is a rheumatic
inflammatory disorder characterized by inflammation of bursae,
tendon sheaths, and joints primarily affecting the shoulder and
pelvic girdles (6). GCA and PMR commonly coexist; up to 60%
of GCA patients are diagnosed with PMR while up to 21%
of PMR patients present with overlapping GCA (7). To date,
glucocorticoid (GC) therapy remains the mainstream treatment
for the management of GCA and PMR (8). Although GC
treatment is effective in inducing and maintaining remission,
it can cause substantial toxicity in patients (9). Recently, IL-
6 receptor blocking therapy has shown positive results as
GC sparing therapy in GCA (10). Promising results with this
therapy have also been reported in PMR (11, 12). However,
tocilizumab monotherapy is not recommended for these diseases
and combination treatment with GC is still imperative, especially
in GCA.

Historically, the diagnosis of GCA solely relied on the
assessment of clinical signs and symptoms, laboratory
assessment of inflammatory markers such as elevated C-
reactive protein (CRP) and erythrocyte sedimentation rate
(ESR), and positive histological evidence of giant cell arteritis
in the temporal artery biopsy (TAB) (13). Similarly, diagnosis
of PMR also relies heavily on the assessment of clinical signs
and symptoms, and laboratory assessment of inflammatory
markers (14). More recently, imaging techniques such as
ultrasonography and [18F]fluorodeoxyglucose (FDG)-positron
emission tomography (PET) have gained importance as
diagnostic tools for GCA and PMR, whereas these imaging
techniques are also increasingly used for treatment monitoring
(11, 15–18). Previously, [18F]FDG-PET/CT was only utilized
for the detection of LV-GCA due to its limitation in resolution.
However, [18F]FDG-PET/CT employing new generation
scanners with improved resolution has been shown to be able
to detect C-GCA. Recent reports have shown that C-GCA can
be effectively detected by PET/CT (up to 83% sensitivity and
100% specificity) (19, 20). However, despite its utility, there are
several important clinical drawbacks posed by [18F]FDG-PET
as a diagnostic tool in the diagnosis of GCA and PMR. Firstly,
[18F]FDG uptake is non-specific and only indicates increased
glucose metabolism. Therefore, it may be present in the context
of neoplasia, inflammation, degenerative disease, and increased
muscle use (21). In the context of vascular inflammation,
[18F]FDG may also be taken up due to atherosclerotic activity
(21). In addition, [18F]FDG shows intense uptake in several

organs that may hamper its diagnostic accuracy. One example
is the high brain uptake of [18F]FDG that may result in a
low target-to-background ratio (TBR) in cranial vessels and
limit the diagnostic accuracy of C-GCA. Furthermore, the
diagnostic accuracy of [18F]FDG-PET in patients undergoing
GC treatment is significantly reduced as exemplified by one
study reporting that only 36% of LV-GCA patients showed a
positive [18F]FDG-PET scan after 10 days of GC treatment (22).
A reduction in diagnostic accuracy has also been shown in PMR
patients undergoing GC treatment albeit to a lesser extent as
compared to GCA (17). GC rapidly blocks glycolysis pathways
important for FDG uptake in inflammatory cells (23, 24). It is
imperative to start GC treatment upon suspicion of GCA while
postponing the GC treatment can be difficult in patients with
suspected PMR. Unfortunately, diagnostic imaging of these
patients is often not feasible within a narrow timeframe due to
limited hospital capacities. Therefore, there is a strong clinical
need to identify novel radiotracers that (1) have low background
radioactivity in non-target organs and blood pool, and (2) can
still accurately detect ongoing inflammation for a prolonged
period (e.g., up to weeks) after initiation of GC treatment. Such
radiotracers could potentially help to firmly rule in or rule out
GCA/PMR and would provide an important benefit to patients
in which the diagnosis remains uncertain despite routine clinical
evaluation. With the expanding knowledge regarding the cellular
heterogeneity at the site of inflammation in GCA and PMR,
novel radiotracers targeting these specific cell subsets may
prove to be useful for the diagnosis and eventually treatment
monitoring in GCA and PMR patients.

IMMUNOPATHOLOGY OF GCA AND PMR

C-GCA
The immunopathology of GCA is characterized by leukocyte
infiltration at the site of inflammation. Although not yet
fully understood, decades of efforts in characterizing and
understanding the cellular heterogeneity in the inflamed GCA
vessels have led us to better understand the pathogenesis of
this disease. Based on these data, a pathogenic model has
been established in which the initiation of GCA is believed to
start with the activation of vascular dendritic cells (vasDCs)
through toll-like receptors (TLRs) stimulation by still unknown
triggers. Upon activation, these vasDCs adopt a phenotype
characterized by the expression of the activation marker CD83
and elevated expression of the costimulatory molecule CD86
(25). These activated vasDCs express the chemokines CCL19
and CCL21 while simultaneously expressing the receptor CCR7,
causing these activated vasDCs to be trapped in the vessel
wall. Moreover, these activated vasDCs produce CCL20 and
a range of proinflammatory cytokines (IL-1β, IL-6, IL-18,
IL-23, and IL-33) leading to the recruitment of CD4+ T
cells into the vessel-wall, their subsequent co-stimulation and
activation, and their polarization into Th1 and Th17 cells
(26–29). Although infiltrating T cells in the vessel wall show
expression of the inhibitory checkpoint molecule PD-1, vasDCs
exhibit low expression of the coinhibitory ligand PD-L1 resulting
in dampened negative regulation of T cell activation (30,
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31). Activated Th1 and Th17 cells produce high amounts
of IFNγ and IL-17, respectively, which in turn activate the
resident vascular smooth muscle cells (VSMCs) and endothelial
cells (ECs). Activated ECs express high levels of adhesion
molecules (VCAM-1, ICAM-1 and E-selectin) enabling leukocyte
adhesion and transmigration to the vessel wall (32). Activated
VSMCs produce several crucial chemokines such as CXCL9,
CXCL10, CXCL11, CXCL13, CCL2, and CX3CL1 augmenting
the infiltration of CXCR3+ CD8+ T cells, CXCR3+/CXCR5+ B
cells, and CCR2+/CX3CR1+ monocytes to the vessel wall (33–
37). Infiltrating CD20+ B cells organize themselves into tertiary
lymphoid organs (TLOs) where they produce proinflammatory
cytokines which perpetuate the inflammatory processes (38, 39).
Infiltrating CD8+ T cells start to produce cytokines such as IFN-
γ and IL-17 which triggers a positive feedback loop recruiting
more CD4+ and CD8+ T cells as well as monocytes to the vessel
wall (36). Notably, activated VSMCs, ECs, CD4+ and CD8+ T
cells also produce GM-CSF, a potent hematopoietic growth factor
that induces the differentiation and maturation of infiltrating
monocytes into proinflammatory CD206+ macrophages (40,
41). These CD206+macrophages express the collagenase matrix
metalloproteinase (MMP)-9 and proangiogenic factor YKL-
40 (42). These CD206+/YKL-40+/MMP-9+ macrophages are
mainly located in the media and media borders promoting
collagen degradation and neovessel formation, enabling more
invasion of T cells and monocytes into the vessel wall (42–
45). In addition, these CD206+macrophages express high levels
of the growth factor M-CSF, priming adjacent macrophages to
become FRβ+ macrophages (41). These M-CSF primed FRβ+

macrophages produce high levels of platelet-derived growth
factor (PDGF)-AA which promotes fibroblast migration and
proliferation. Furthermore, macrophages are incredibly plastic
cells that may change their phenotype in response to cues
from the microenvironment. Proinflammatory cytokines such
as IFNγ, IL-17, and IL-6 that are abundantly present in the
inflamed vessel wall may trigger the expression of a multitude
of macrophage markers (5). Notably, abundant numbers of
CD64+, CD86+, iNOS+ and CD163+ macrophages have
been reported in GCA-affected vessels (41, 46–48). Moreover,
these activated macrophages themselves produce a wide range
of proinflammatory cytokines (including IL-6, TNF-α, IL-1β,
GM-CSF) and growth factors (TGF-β, VEGF, PDGFs) (5).
Macrophage secreted proinflammatory cytokines contribute to
a positive feedback loop amplifying the inflammatory process.
Macrophage secreted growth factors promote fibroblasts and
VSMCs activation and differentiation into α-smooth muscle
actin (SMA)+ myofibroblasts and subsequently their migration
and proliferation in the intima layer which results in intimal
hyperplasia and ultimately vessel-wall occlusion (49, 50). Of note,
this pathogenic model has largely been constructed from studies
on TAB obtained from C-GCA patients.

LV-GCA
Our understanding of the pathogenesis of LV-GCA is derived
from studies with aortic specimens obtained during aortic
aneurysm surgery. Aortitis in GCA is characterized by
granulomatous inflammation largely occurring in the medial

layer of the aorta. This granulomatous inflammation leads
to medial necrosis which is responsible for aortic aneurysm
and may ultimately lead to aortic dissection. Although the
final consequences of LV-GCA may differ from C-GCA, the
cellular infiltrates are largely similar. Infiltrating leukocytes
in the inflamed aorta largely dominate the adventitia and the
media layer of the aorta. Infiltration of both activated CD4+
and CD8+ T cells has been reported in GCA affected aorta (51).
While the infiltration of T cells in adventitia and media of the
aorta has been described, infiltration of CD20+ B cells mainly
localizes in the adventitia where these cells are organized into
TLOs (38). Macrophages expressing CD64, CD86, CD206, and
FRβ are abundant in the adventitia and the media of GCA-
affected aortas (41). CD206+/MMP-9+/YKL-40+ macrophages
surround the necrotic areas in the media indicating a role
in medial destruction (41). Notably, a reduction of α-SMA+
cells has been reported in the media of GCA-affected aortas
due to medial necrosis which differs from the increase of
adventitial and intimal α-SMA+ myofibroblasts in temporal
arteries (52).

PMR
In contrast to GCA, not much is currently known regarding
the immunopathology of PMR. One of the first reports studying
synovial tissue biopsies of PMR patients was published in
1964 in which hyperplasia of synovial lining cells, increased
vascularity, and leukocyte infiltration mainly consisting of
lymphocytes and macrophages were described (53). In the 1990s,
immunohistological investigation on glenohumeral synovial
tissue of patients with PMR revealed that CD68+ macrophages
comprise the majority of the infiltrating cells followed by T
cells and a small percentage of neutrophils (54). The T cell
infiltrates were mainly comprised of CD45RO+ memory CD4+
T cells although small numbers of CD8+ T cells were also
detected. B cells were not detected in the synovial tissue.
In another report, the same group showed elevated VEGF
expression by both CD3+ T cells and CD68+ macrophages
in synovial biopsy tissues which correlated with vessel density
indicating that these cells are involved in vasa vasorum
formation and subsequently enhanced leukocyte infiltration in
the synovium of PMR patients (55). More recently, enrichment
of both CD4+ and CD8+ T cells in the synovial fluid of
PMR patients have been reported (56). These T cells show a
high IFNγ producing capacity pointing toward Th1 and Tc1
subsets. To date, no further cellular profiling has been done
in the synovial tissues of PMR patients. Taking clues from
other inflammatory diseases of the joint such as rheumatoid
arthritis (RA) and osteoarthritis (OA), infiltration of CD206+,
FRβ+, CD163+, MMP-9+ and iNOS+ macrophages has been
reported (57, 58). Whether or not these cells are also involved
in the immunopathology of PMR remains to be elucidated.
Therefore, it is warranted for future studies to focus on deeper
phenotyping of the cellular infiltrates in PMR synovial biopsies
to better understand their roles in the immunopathology of
PMR and subsequently target these cells for imaging and
therapeutic purposes.
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POTENTIAL NOVEL PET TRACERS FOR
DIAGNOSIS AND MONITORING OF GCA
AND PMR

The knowledge regarding the cellular heterogeneity in the
pathogenesis of GCA and PMR may allow us to target these
specific cells for imaging purposes. For a long time, [18F]FDG-
PET has dominated the imaging landscape in oncology and
inflammatory diseases alike. However, more recent efforts have
shifted the trend toward targeting a specific cellular population.
Targeting specific cell populations may provide the following
advantages compared to [18F]FDG-PET:

(1) Lower background activity, thereby increasing target-to-
background ratio and the imaging accuracy.

(2) Ability to evaluate specific cell populations as prognostic
markers for disease progression and treatment response, thereby
aiding the design of personalized treatment regimens, especially
with emerging novel immunotherapies.

(3) Better insight into treatment effects. Novel
immunotherapies often specifically target cellular pathways
which may alter specific cell populations at the site
of inflammation.

(4) Cellular infiltrates are unlikely to disappear immediately
upon initiation of treatments in patients with immune-mediated
inflammatory diseases including GCA and PMR (54, 59,
60), whereas especially glucocorticoid treatment may promptly
impact the glucose metabolism by infiltrating immune cells and
liver. Thus, the time interval of diagnostic scanning for cell-
specific PET tracers might potentially be longer.

As the efforts in developing PET radiotracers targeting specific
cell populations are increasing, these radiotracers may also
prove to be useful for the imaging of GCA and PMR which is
summarized below (Figure 1).

T Cell-Targeted Radiotracers
T cells are one of the most abundant infiltrating cell types in the
inflamed GCA vessels (61). In the synovium of PMR patients,
although not the most abundant cells, infiltration of T cells has
been documented as well (54). Several radiotracers targeting T
cells have been developed and are currently undergoing clinical
trials for imaging other diseases, primarily oncology (Table 1).
These radiotracers may also prove to be useful for the imaging
of GCA and PMR patients.

IL-2 is a pleiotropic cytokine highly secreted by activated
T cells which promotes T cell survival, expansion and
differentiation into effector cells (72). The IL-2 receptor consists
of three subunits including IL-2Rα (CD25), IL-2Rβ (CD122),
and IL-2Rγ (CD132). IL-2 signals through the intermediary
IL-2 receptor comprising the IL-2Rβ and IL-2Rγ chain. Upon
activation, T cells gain elevated expression of CD25, completing
the high-affinity receptor with the three subunits (72, 73).
As a crucial cytokine in T cell functions, IL-2 is rapidly
consumed by activated T cells making it an attractive cytokine
for targeted imaging of activated T cells. The IL-2 targeted SPECT
radiotracers, [99mTc]IL-2 and [99mTc]HYNIC-IL-2, have already
been applied successfully for the visualization of vulnerable

atherosclerotic plaques, transplant rejection and autoimmune
thyroid disease (74–76). Furthermore, visualization of Takayasu
arteritis has been reported in a case study utilizing [99mTc]IL-
2 scintigraphy (77), pointing toward the possible utility of
IL-2 based lymphocyte targeted imaging in the detection
of GCA.More recently, several PET radiotracers based on
radionuclide tagged IL-2 have been reported. The first-generation
IL-2 tracer, [18F]FB-IL-2, was reported to show high-affinity
binding to activated human peripheral blood mononuclear cells
(hPBMCs). The reports showed a high correlation of [18F]FB-
IL-2 uptake with the number of CD25+ cells in vitro and
in matrigel implants with activated hPBMCs (62–64). In a
recent study, [18F]FB-IL-2 imaging successfully detected tumor
lesions in metastatic melanoma patients (63). Biodistribution
data showed high uptake in secretion organs (liver and
kidneys), lymphoid organs (spleen and bone marrow) and
the blood pool (myocardial and aortic) but low uptake in
other non-target organs including the brain. The high blood
pool radioactivity, however, may mask the detection of arterial
inflammation in GCA. Recently, second-generation IL-2 based
tracers, [18F]AIF-RESCA-IL2 and [68Ga]Ga-NODAGA-IL2 have
been developed (65). Although yet to be tested in humans, both
radiotracers showed high specific uptake in lymphoid tissue
and hPBMC xenografts in a mouse model. In addition, both
second-generation radiotracers showed no brain uptake and
lower blood pool radioactivity compared to [18F]FB-IL-2 which
may be advantageous for the detection of aortic and arterial
inflammation in GCA. Furthermore, as T cell infiltration in
the synovium of PMR patients has been documented, these
radiotracers may also prove to be useful for PMR imaging.

Dominant CD4+ T cell infiltration over CD8+ T cells at the
site of inflammation has been reported for both GCA and PMR
(51, 54), making CD4+ T cells an attractive target for imaging of
these diseases. Two ImmunoPET tracers targeting human CD4T
cells have been recently reported. Nanobody-based [64Cu]CD4-
Nb1 showed specific uptake in organs with high numbers of
CD4+ T cells including lymph nodes, thymus, spleen, and liver
with rapid blood and lung clearance via renal elimination in a
human CD4 knock-in mouse model (66). Similarly, minibody
based [64Cu]NOTA-IAB41 showed specific uptake in CD4+
T cells infiltrated lungs, spleen, liver and kidney in hPBMC
injected humanized mice (67). Interestingly, the report also
showed successful visualization of CD4+ T cell infiltration in
a humanized brain tumor mouse model compared to no brain
uptake in the non-disease control group. Both radiotracers may
potentially be useful in imaging GCA and PMR patients.

Lower numbers of infiltrating CD8+ T cells compared to
CD4+ T cells have been reported in the inflamed vessels of GCA
patients. However, CD8 targeted imaging may still be valuable
for this disease since the presence of large arterial CD8T cell
infiltrates is associated with disease severity (51). A minibody
based CD8+ T cell-targeted radiotracer, [89Zr]Df-IAB22M2C,
has been developed and is currently actively investigated in
several clinical trials. Reports of CD8+ T cells imaging in patients
with solid tumors have shown successful visualization of tumor-
infiltrating CD8+ T cells and specific uptake in CD8+ rich
lymphoid organs (70, 71). Moreover, low blood pool radioactivity
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FIGURE 1 | Imaging targets that are potentially useful for the imaging of GCA and PMR (created with BioRender.com).

TABLE 1 | T cell targeted PET radiotracers.

Target Target marker/ Radiotracer Class Clinical/ Active clinical References

cell pathway preclinical trials

Activated T cells IL-2R [18F]FB-IL-2 Cytokine Clinical NCT04163094

NCT02478099

(62–64)

IL-2R [18F]AIF-RESCA-IL2 Cytokine Preclinical – (65)

IL-2R [68Ga]Ga-NODAGA-IL2 Cytokine Preclinical – (65)

CD4+ T cells CD4 molecule [64Cu]CD4-Nb1 Nanobody Preclinical – (66)

[64Cu]NOTA-IAB41 Minibody Preclinical – (67)

CD8+ T cells CD8 molecule [89Zr]-Df-IAB22M2C Minibody Clinical NCT03802123

NCT04874818

NCT04826393

NCT05013099

NCT04606316

NCT04180215

NCT03533283

(68–71)

and no brain uptake were detected in these patients making it
suitable for imaging C-GCA and LV-GCA. The infiltration of
CD8+ T cells in the synovium of PMR patients is scarce and
therefore CD8+ T cell-targeted imaging may be less suitable
for PMR.

Although PD-1 expressing T cell infiltration has been reported
in GCA (30, 31), only two radiotracers targeting PD-1 based on
PD-1 antagonist nivolumab and pembrolizumab are currently
available (78). Since the development of both GCA and PMR
as consequences of PD-1/PD-L1 inhibition therapy of cancer
patients has been reported (79, 80), the use of these radiotracers

for the imaging of GCA and PMR may potentially worsen the
disease and is therefore not feasible. However, with the rise
of PD-1 agonists (81–84), future applications of these PD-1
agonist-based radiotracers may prove to be useful as a theranostic
approach in these diseases.

Macrophage Targeted Radiotracers
Macrophages play vital roles and are one of the most abundant
cell types infiltrating the inflamed vessels and synovial tissue
of GCA and PMR patients making them attractive targets for
cell-specific imaging (5, 54). As macrophages are incredibly
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plastic cells, not all tracers are suitable for the imaging of
macrophages in GCA and PMR patients. As our knowledge
regarding macrophage heterogeneity in the pathogenesis of GCA
has improved considerably, we will focus on a selected number
of radiotracers targeting macrophage phenotypes that have been
proven to be involved in the vasculopathy of GCA (Table 2).

Macrophage-targeted imaging of translocator protein
(TSPO; also known as PBR or peripheral benzodiazepine
receptor) was first developed for the targeted imaging of
microglia in neuroinflammation. It was later found that
TSPO targeted imaging could be utilized for the imaging
of non-neuronal inflammatory diseases such as rheumatoid
arthritis (RA), atherosclerosis, Takayasu arteritis (TAK),
systemic lupus erythematosus (SLE), and GCA (88, 94, 98–
100, 103, 106, 185, 190, 193). In 2010, Pugliese et al. successfully
showed the utility of [11C]PK11195, a first-generation TSPO
targeted radiotracer, in the detection of large-vessel vasculitis
including GCA (94). Shortly after, another study led by Lamare
et al. utilizing the radiotracer [11C]-(R)-PK11195 showed a
similar result in detecting vascular inflammation in patients
suffering from large-vessel vasculitis (106). Additionally, studies
have shown high uptake of a second-generation TSPO tracer,
[11C]DPA-713, in inflamed joints of RA patients pointing to the
potential in imaging PMR (185, 193). Although the utility has
been shown in imaging GCA, older generation TSPO targeted
radiotracers possess several disadvantages. The major drawback
of these radiotracers is the significantly lower binding capability
to TSPO in patients with a common TSPO gene polymorphism
(rs6971), which resulted in variability in the imaging signal
(324, 325). Furthermore, these older generation TSPO targeted
tracers are not very specific and show high background
radioactivity, which may hamper the imaging capability (326).
The third generation of TSPO targeted radiotracers, such as
[18F]FEBMP, [18F]ER176 and [18F]-(S)-GE387, are designed
to overcome these drawbacks. Notably, a recent study using
another second-generation tracer, [11C]PBR28, documented
no vascular uptake in patients suffering from large-vessel
vasculitis (Takayasu arteritis and GCA) (327). It is unclear
whether this discrepancy was caused by the unspecific binding
of the first-generation TSPO tracers in the inflamed tissues.
This discrepancy warrants a more detailed investigation into
the feasibility of new generation TSPO targeted tracers in
imaging GCA.

The mannose receptor (CD206) is a C-type lectin receptor
highly expressed by certain populations of macrophages. Several
CD206 targeted radiotracers have been developed and some
have been used in clinical applications (Table 2). Employing the
receptor-ligand binding approach, tracers based on mannose
derivatives, mannose coated liposome, andmannosylated protein
have shown reliable CD206 targeting. [18F]FDM based on
fluorodeoxy-mannose have been shown to have lower non-
specific brain uptake compared to [18F]FDG in patients with
brain infarction (241). Furthermore, this radiotracer has been
successfully used in preclinical imaging of atherosclerotic lesions
in a rabbit model supporting its potential in vascular imaging
(328). More recently, anti-CD206 nanobody-based radiotracers
have been developed which are more specific compared to

the mannose derivatives-based tracers. In animal models of
atherosclerosis and cancer, these radiotracers have shown rapid
blood clearance and low radioactivity in non-target organs
including the brain (243, 245, 246). The abundance of CD206+
macrophages responsible for expressing high levels of YKL-40
and MMP-9, a proangiogenic and tissue destructive collagenase,
respectively, has been documented in affected vessels of GCA
patients (41, 42). These macrophages are likely skewed by
GM-CSF in the microenvironment and are considered to
be responsible for media destruction in GCA. Given their
prominent roles, targeted imaging of CD206+macrophages may
be beneficial for the diagnosis and prognosis of GCA.

The interest in folate-based imaging started over two decades
ago when folate receptor-expressing tumors were discovered
(329). This led to the rapid development of numerous folate
receptor-targeted radiopharmaceuticals. Of note, some of these
radiotracers are tagged with highly radioactive nuclides or toxic
particles intended as radiotherapeutics for cancers (330–333).
More recently, it has been demonstrated that some macrophages
involved in autoimmune and inflammatory diseases, including
GCA, express high levels of folate receptor beta (FRβ) as
well. Interestingly, the degree of FRβ+ macrophage infiltration
in the intima of the GCA affected vessels has been linked
to intimal hyperplasia (41). Patients with intimal hyperplasia
in their biopsy may be more likely to develop ischemic
complications than those without (334). Imaging FRβ may
potentially reveal the degree of vessel wall occlusion in C-
GCA and may signal the need for the rapid induction of
high-dose GC therapy to lower the risk of vision loss in
these patients. Among the plethora of FR-targeted radiotracers,
[18F]fluoro-PEG-folate and [18F]AzaFol have been used in
clinical applications (259, 263). [18F]fluoro-PEG-folate was
assessed in patients with RA and showed specific uptake in
inflamed joints with low brain uptake. The infiltration of FRβ+

macrophages in the synovial tissue of RA patients has been
well-documented. On the other hand, the utility of [18F]AzaFol
was assessed in patients with FRα+ adenocarcinoma of the
lungs. These studies demonstrate the utility of these novel folate
receptor-targeted radiotracers in human subjects, but at the
same time revealed that folate receptor imaging may not be
very specific due to uptake by both FRα+ and FRβ+ cells.
Nevertheless, folate receptor imaging may still prove to be useful
in patients suffering from GCA especially in the detection of
patients at risk of developing ischemic events due to severe
intimal hyperplasia.

Immunotherapy targeting T cell activation by blocking
CD80/86 on antigen-presenting cells (APCs) with a CTLA-
4Ig fusion protein (abatacept) is currently evaluated in GCA
(NCT04474847). An earlier phase II randomized control trial
of abatacept for the treatment of GCA showed promising
results with significant proportions of patients achieving relapse-
free survival rate at 12 months compared to placebo (48%
abatacept vs. 31% placebo; p = 0.049) (335). Separately, a case
report has shown the potential application of abatacept for the
treatment of PMR (336). Together, these encouraging results may
point toward the potential application of radionuclide tagged
[64Cu]NODAGA-abatacept in GCA and PMR.
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TABLE 2 | Macrophage targeted PET radiotracer.

Target marker/ Radiotracer Class Clinical/ Active clinical References

pathway preclinical trials

TSPO [11C]PK11195 TSPO antagonist Clinical NCT03368677 (85–94)

NCT04239820

NCT05111678

[11C]-(R)-PK11195 TSPO antagonist Clinical – (95–114)

[11C]DAA1106 TSPO agonist Clinical – (115–121)

[18F]DAA1106 TSPO agonist Preclinical – (122–124)

[18F]FEDAA1106 TSPO agonist Clinical – (125–130)

[18F]FMDAA1106 TSPO agonist Preclinical – (125)

[11C]PBR28 TSPO agonist Clinical NCT04274998

NCT05205291

NCT04230174

NCT03705715

NCT04490096

NCT02649985

NCT04236986

NCT04398719

NCT04811404

NCT04066244

NCT04233593

NCT03106740

NCT05066308

NCT04486118

NCT05183087

(131–145)

[18F]PBR06 TSPO agonist Clinical NCT04510220

NCT03983252

NCT04144257

NCT02649985

(146–150)

[11C]PBR06 TSPO agonist Preclinical – (147)

[11C]PBR01 TSPO agonist Preclinical – (151, 152)

[18F]FEPPA TSPO agonist Clinical NCT02945774

NCT04814355

NCT04307667

NCT04854785

(153–163)

[18F]PBR111 TSPO antagonist Clinical – (164–169)

[18F]PBR102 TSPO antagonist Preclinical – (166, 169, 170)

[11C]CB184 TSPO antagonist Clinical – (171–174)

[11C]CLINME TSPO ligand Preclinical – (167, 175, 176)

[18F]CB251 TSPO ligand Preclinical – (177–179)

[11C]AC-5216 TSPO agonist Preclinical – (180)

[11C]DAC TSPO agonist Preclinical – (181, 182)

[11C]DPA-713 TSPO agonist Clinical – (183–193)

[18F]DPA-714 TSPO agonist Clinical NCT03759522

NCT03754348

NCT03457493

NCT04362644

NCT03999164

NCT04364672

NCT04542603

NCT03230526

NCT03968445

NCT05238961

NCT04520802

NCT05147532

NCT03691077

NCT04171882

NCT03482115

NCT03314155

(193–195)

(Continued)
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TABLE 2 | Continued

Target marker/ Radiotracer Class Clinical/ Active clinical References

pathway preclinical trials

NCT05128903

NCT03435861

NCT05233605

NCT04785157

[18F]DPA-C5yne TSPO agonist Preclinical – (196)

[18F]FDPA TSPO agonist Preclinical – (197–200)

[18F]VUIIS1018A TSPO agonist Preclinical – (201, 202)

[18F]FEDAC TSPO ligand Preclinical – (203–205)

[11C]SSR180575 TSPO agonist Preclinical – (206)

[18F]SSR180575 TSPO agonist Preclinical – (207)

[18F]FEMPA TSPO ligand Clinical NCT05039268 (208–210)

[18F]FETEM TSPO ligand Preclinical – (211)

[18F]FEBMP TSPO ligand Preclinical – (212, 213)

[18F]GE180 TSPO ligand Clinical NCT04412187

NCT03702816

(214–223)

(R)-[18F]NEBIFQUINIDE TSPO ligand Preclinical - (224)

[11C]ER176 TSPO ligand Clinical NCT04762719

NCT04840979

NCT03705715

NCT04576793

NCT03958630

NCT03912428

NCT04510168

NCT04786548

(225–228)

[18F]ER176 analogs TSPO ligand Preclinical – (229, 230)

[18F]-(S)-GE387 TSPO ligand Preclinical – (223, 231)

[18F]LW223 TSPO ligand Preclinical – (232, 233)

[18F]BS224 TSPO ligand Preclinical – (234)

CD206 [64Cu]MAN-LIPs Mannose coated liposome Preclinical – (235)

[68Ga]NOTA-MSA Mannosylated protein Clinical – (236–239)

[18F]FDM Mannose derivative Clinical – (240, 241)

[68Ga]IRDye800-tilmanocept Mannose derivative Preclinical – (242)

[18F]FB-anti-MMR 3.49 sdAb Nanobody Preclinical – (243)

[68Ga]MMR Nanobody Preclinical – (244)

[68Ga]Ga-NOTA-anti-MMR-sdAb Nanobody Preclinical – (245)

[68Ga]Ga-NOTA-MMR Nb Nanobody Preclinical – (246)

[68Ga]Ga-NOTA-anti-MMR-VHH2 Nanobody Clinical NCT04168528

NCT04758650

–

FRβ [18F]α/γ-FBA-Folate Folate derivative Preclinical – (247)

[18F]click-folate Folate derivative Preclinical – (248)

[68Ga]DOTA-folate Folate derivative Preclinical – (249)

2’-[18F]fluorofolic acid Folate derivative Preclinical – (250)

[18F]fluorobenzene-folate Folate derivative Preclinical – (251)

[18F]pyridinecarbohydrazide-folate Folate derivative Preclinical – (251)

[18F]fluorodeoxy-glucose-folate Folate derivative Preclinical – (252–254)

[68Ga]NODAGA-folate Folate derivative Preclinical – (255)

[68Ga]DO3A-EA-Pte Pteroic acid derivative Preclinical – (256)

3
′

-aza-2
′

[18F]fluorofolicacid/[18F]AzaFol Folate derivative Clinical – (257–259)

[18F]fluoro-PEG-folate Folate derivative Clinical NCT05215496 (260–263)

4-[18F]-fluorophenylfolate Folate derivative Preclinical – (264)

[68Ga]NOTA-folate Folate derivative Preclinical – (265, 266)

α/β-click[18F]FDG-folate Folate derivative Preclinical – (267)

α/β-click[18F]FE-folate Folate derivative Preclinical – (267)

(Continued)
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TABLE 2 | Continued

Target marker/ Radiotracer Class Clinical/ Active clinical References

pathway preclinical trials

α/β-click[18F]FB-folate Folate derivative Preclinical – (267)

Folate-NOTA-Al[18F] Folate derivative Preclinical – (268)

[64Cu]rf42 Folate derivative Preclinical – (269)

[68Ga]rf42 Folate derivative Preclinical – (269)

[68Ga]DOTA-Lys-Pteroyl Pteroyl-Lys derivatives Preclinical – (270)

[68Ga]DOTA-DAV-Lys-Pteroyl Pteroyl-Lys derivatives Preclinical – (270)

[68Ga]NOTA-folic acid Folate derivative Preclinical – (271)

[89Zr]FA-DFO-liposome Folate coated liposome Preclinical – (272)

[68Ga]HCEF Folate derivative Preclinical – (273)

Folate-PEG12-NOTA-Al[18F] Folate derivative Preclinical – (274)

[64Cu]DOTA-FA-FI-G5·NHAc dendrimers Folate tagged dendrimers Preclinical – (275)

[18F]Ala-folate Folate derivative Preclinical – (276)

[18F]DBCO-folate Folate derivative Preclinical – (276)

[18F]FOL Folate derivative Preclinical – (277, 278)

[68Ga]NODAGA-FA Folate modified polymer Preclinical – (279)

[55Co]Co-cm10 Folate derivative Preclinical – (280)

[55Co]Co-rf42 Folate derivative Preclinical – (280)

[68Ga]Ga-FA-I Folate derivative Preclinical – (281)

[68Ga]Ga-FA-II Folate derivative Preclinical – (281)

[89Zr]SFT-1 Folate coated nanoparticle Preclinical – (282)

[68Ga]FOL Folate derivative Preclinical – (283)

[89Zr]FA-SMWs Folate coated micro-silica Preclinical – (284)

CD80/86 [64Cu]NODAGA-abatacept Biologic Preclinical – (285)

iNOS S-[11C]methylisothiourea iNOS inhibitor Preclinical – (286)

S-(2-[18F]fluoroethyl)-isothiourea iNOS inhibitor Preclinical – (286)

[18F]FFDI iNOS inhibitor Preclinical – (287)

[18F]6-(2-fluoropropyl)-4-methyl-

pyridin-2-amine

iNOS inhibitor Preclinical – (288)

[18F]NOS iNOS inhibitor Clinical NCT04062526 (289, 290)

[18F]FBAT iNOS inhibitor Preclinical – (291)

CCR2 [64Cu]DOTA-ECL1i Peptide Clinical NCT04217057

NCT03492762

NCT05107596

NCT04592991

NCT04537403

NCT03851237

NCT04586452

(292–300)

[64Cu]AuNCs-ECL1i Peptide Preclinical – (293)

[64Cu]Cu@CuOx Nanoparticle Preclinical – (301)

[18F]6b Chemical compound Preclinical – (302)

CX3CR1 [11C]methyl(2-amino-

5(benzylthio)thiazolo[4,5-d]pyrimidin-

7-yl)-d-leucinate

Chemical compound Preclinical – (303)

VEGF [124 I]HuMV833 Antibody Clinical – (304)

[124 I]iodinated-VG76e Antibody Preclinical – (305)

[89Zr]bevacizumab Antibody Clinical – (306–317)

[64Cu]DOTA-bevacizumab Antibody Preclinical – (318)

[89Zr]ranibizumab Antibody Preclinical – (319)

[64Cu] NOTA-Bev-800CW Antibody Preclinical – (320)

[124 I]aflibercept VEGF antagonist Preclinical – (321)

[64Cu]NOTA-bevacizumab Antibody Preclinical – (322)

[64Cu]L19K-FDNB Peptide Preclinical – (323)
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Inducible nitric oxide synthase (iNOS) is a reactive oxygen
and nitrogen metabolite-metabolizing enzyme typically
expressed by activated proinflammatory macrophages. The
utility of [18F]NOS, iNOS targeted radiotracer based on iNOS
inhibitor has been reported in allograft rejection patients and
patients with acute lung inflammation (289, 290). The studies
also showed low brain radioactivity suitable for the imaging of
C-GCA. Intimal infiltrating iNOS+ macrophages have been
previously reported in GCA whereas in the adventitia of these
vessels iNOS+ macrophages were absent (48). Therefore, iNOS
imaging may be valuable as a tool to detect intimal macrophage
infiltration and potentially intimal hyperplasia.

The chemokine receptors CCR2 and CX3CR1 are responsible
for the trafficking of monocytes into the GCA affected vessel
wall where these cells will then mature into macrophages (33).
The radiotracer [64Cu]DOTA-ECL1i specifically targeting CCR2
may be useful for imaging infiltrating monocytes/macrophages
in GCA affected vessels. The utility of this radiotracer has
recently been investigated in patients with pulmonary fibrosis
(298). The study showed specific uptake in diseased lungs with
little uptake in healthy controls. Moreover, low non-specific
brain uptake and low blood radioactivity may be beneficial
for imaging both LV-GCA and C-GCA. On the other hand,
the radiotracer [11C]methyl(2-amino-5(benzylthio)thiazolo[4,5-
d]pyrimidin-7-yl)-d-leucinate designed to target CX3CR1, failed
to show specific binding to CX3CR1 and therefore is not
suitable for imaging GCA at the current state (303). As
CX3CR1+ monocyte infiltration was reported to be higher than
CCR2+ monocytes, future radiotracers targeting CX3CR1 may
be beneficial for the imaging of GCA.

The abundance of vascular endothelial growth factor (VEGF),
a potent pro-angiogenic growth factor, has been reported in
the synovium of PMR patients (55). Macrophages have been
implicated as the major source of VEGF as these cells are the
major cellular infiltrates in the inflamed synovium (55). The
antibody-based radiotracer [89Zr]bevacizumab targeting VEGF
has been successfully used to visualize VEGF expression in
multiple oncological conditions (308, 314–317). Additionally, the
utility of [89Zr]bevacizumab in detecting VEGF expression in
atherosclerotic plaques has been shown in ex vivo imaging studies
of human carotid endarterectomy (CEA) specimens (309). Since
the increased expression of VEGF has been reported in PMR,
[89Zr]bevacizumab imaging may be useful for imaging PMR
patients. Of note, although inflammatory macrophages are major
producers of VEGF in PMR, infiltrating T cells are also capable
of producing VEGF (55). Hence, VEGF-targeted imaging may
not be specific for macrophages. In GCA, heightened VEGF
expression has been documented especially in the adventitia of
GCA-affected vessels (337). However, whether macrophages or T
cells are the main producers of VEGF in GCA lesions remains to
be further explored. Nevertheless, VEGF imagingmay potentially
also be useful for imaging GCA.

Most of themacrophage-targeted radiotracers discussed above
may be suitable for imaging GCA. However, whether similar
macrophage phenotypes are involved in the pathogenesis of PMR
remains to be proven since, to our knowledge, no study to date
has explored macrophage heterogeneity in PMR.

B Cell-Targeted Radiotracers
B cell infiltration and organization into TLOs have been well-
documented in GCA (38, 338). However, B cell appear to be
absent in the synovial tissue of PMR patients (54). Therefore, B
cell-targeted imaging may only be suitable for GCA. Several B
cells targeted radiotracers have been developed (Table 3).

A case report has documented the resolution of vascular
inflammation in a GCA patient with rituximab B cell depletion
therapy (354). However, no further trials are currently
ongoing for rituximab therapy in GCA. Rituximab-based
radiotracer [89Zr]rituximab has been successfully used to
image B cells in lymphoma and RA patients (347, 348). The
radiotracer showed low background activity in the blood
pool which may support its suitability for application in
imaging GCA.

Activated Fibroblast Targeted Radiotracers
Remodeling of the arterial wall secondary to inflammation
may cause vessel occlusion and hence, be responsible for
the ischemic events in GCA. Fibroblast activation, migration,
and proliferation in the intima have been reported as one
of the causes of intimal hyperplasia (50). Currently, the
targeted imaging of fibroblast activation protein alpha (FAP),
a serine protease expressed mainly by activated fibroblast, is
gaining tremendous interest in cancer and inflammatory diseases
(355). The interest in FAP targeted imaging started with the
development of radiolabeled FAP inhibitor [125I]MIP-1232 for
single-photon emission computed tomography (SPECT) imaging
of atherosclerosis (356). However, ex vivo, the radiotracer showed
uptake in normal arteries as well hampering its utility for
atherosclerotic imaging. Since then, more specific FAP inhibitors
(FAPIs) have been rapidly developed and radiolabeled as PET
radiotracers (Table 4).

From these FAPI based radiotracers, [68Ga]FAPI-04 has been
rapidly implemented in clinical trials and has shown superiority
compared to the long-time gold standard [18F]FDG for imaging
cancer and inflammation as recently summarized by Li et al.
(355). These reports showed high and specific uptake in tumors
as well as at sites of fibrosis and inflammation while displaying
negligible blood pool and brain radioactivity supporting its
potential application for imaging both C-GCA and LV-GCA.
Although FAP expression has not yet been investigated in the
context of GCA and PMR, a case report has shown successful
visualization of aortic and arterial inflammation in a patient
suffering from GCA using [68Ga]FAPI-04 (368). Interestingly
[68Ga]FAPI-04 imaging showed negligible radioactivity in non-
target organs including the brain, background tissue, and in the
blood pool, which may allow accurate detection of C-GCA. This
case report demonstrates the potential of FAP targeted imaging
for visualization of vascular inflammation in GCA warranting
further investigation especially in comparison with the current
gold standard [18F]FDG-PET. No reports have shown the utility
of FAP targeted imaging in PMR patients to date. Yet, successful
FAP targeted imaging has been demonstrated in RA patients
which may point to its potential to image inflammation in PMR
patients as well (369).
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TABLE 3 | B cell targeted PET radiotracers.

Target marker/ Radiotracer Class Clinical/ Active clinical References

pathway preclinical trials

CD20 [64Cu]DOTA-minibody (based on rituximab) Minibody Preclinical – (339)

[124 I]anti-CD20-Cys-Db (based on rituximab) Diabody Preclinical – (340)

[124 I]rituximab Antibody Clinical – (341, 342)

[89Zr]rituximab Antibody Clinical – (343–348)

[64Cu]DOTA-rituximab Antibody Preclinical – (349, 350)

[64Cu]FN3(CD20) Protein Preclinical – (351)

[18F]FB-GAcDb (based on obinutuzumab) Diabody Preclinical – (352)

[89Zr]GacDb (based on obinutuzumab) Diabody Preclinical – (353)

[89Zr]GacMb (based on obinutuzumab) Minibody Preclinical – (353)

TABLE 4 | Fibroblast activation protein alpha (FAP) targeted PET radiotracers.

Radiotracer Class Clinical/preclinical Active clinical trials References

[68Ga]FAPI-02 FAP inhibitor Preclinical – (357)

[68Ga]DOTA.SA.FAPI FAP inhibitor Clinical – (358, 359)

[68Ga]FAPI-04/[68Ga]DOTA-FAPI-04 FAP inhibitor Clinical NCT05003427

NCT04504110

NCT04533828

NCT04441606

NCT04499365

NCT04831034

NCT04416165

NCT05121779

NCT05140746

(357)

[68Ga]NOTA-FAPI-04 FAP inhibitor Clinical NCT04499365

NCT04367948

NCT04750772

NCT05004961

(360)

[68Ga]FAPI-21 FAP inhibitor Clinical – (361)

[68Ga]FAPI-46 FAP inhibitor Clinical NCT05160051

NCT04941872

NCT04457258

NCT04457232

NCT04459273

NCT04147494

NCT05172310

(361)

[68Ga]TEFAPI-06 FAP inhibitor Preclinical – (362)

[68Ga]TEFAPI-07 FAP inhibitor Preclinical – (362)

[68Ga]FAPI-C12 FAP inhibitor Preclinical – (363)

[68Ga]FAPI-C16 FAP inhibitor Preclinical – (363)

[68Ga]FAPtp FAP inhibitor Preclinical – (364)

[68Ga]Aib-FAPtp-01 FAP inhibitor Preclinical – (364)

[68Ga]DOTA-2P(FAPI)2 FAP inhibitor Clinical NCT04941872 (365)

[18F]FGlc-FAPI FAP inhibitor Preclinical – (366)

Al[18F]NOTA-FAPI FAP inhibitor Clinical (367)

[18F]NOTA-FAPI-04 FAP inhibitor Clinical NCT04367948

NCT04750772

NCT05004961

–

Endothelial Cell-Targeted Radiotracers
Neoangiogenesis is one of the crucial pathogenic features of GCA
and PMR. Increased vascularity in the vessel wall and synovium
of GCA and PMR patients further enables the invasion of

leukocytes thereby fueling the inflammatory process (32, 54, 55).
In uninflamed vessels, the luminal endothelium does not express
the inducible adhesion molecules VCAM-1. In inflamed GCA-
affected vessels, the intense expression of VCAM-1 has been
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reported on neovessel endothelial cells making this adhesion
molecule suitable for targeted imaging (32). Several radiotracers
targeting VCAM-1 have been developed (Table 5) which may be
useful for imaging GCA.

An alternative approach to image angiogenesis is to target
the integrin αvβ3 and specific radiotracers for this integrin
have already been applied in clinical practice for imaging
tumor metastasis (374–376). However, whether this approach
is suitable for imaging GCA is uncertain since the αvβ3
integrin is constitutively expressed on the luminal endothelium
(377). Nevertheless, studies have demonstrated the enhanced
uptake of αvβ3 integrin-targeted tracers in atherosclerotic
plaques corresponding to neo-vessel formation indicating its
potential utility in GCA (374, 378). Furthermore, imaging
integrin αvβ3 may be of interest for PMR as increased
vascularization has been reported in the synovial tissues from
PMR patients. Of note, integrin αvβ3 imaging is not specific
for angiogenesis as infiltrating leukocytes can also express this
adhesion molecule (379).

FUTURE PERSPECTIVES: TOWARD
DISEASE STRATIFICATION AND BETTER
TREATMENT MONITORING

The molecular PET imaging technique targeting specific markers
has made valuable contributions to clinical practice ranging from
diagnosis, staging, and prognosis to treatment monitoring. There
are clear examples in other fields of medicine, mainly from
the field of oncology, supporting the use of targeted imaging
in patient stratification for targeted therapy. For example, anti-
human epidermal growth factor receptor 2 (HER2) targeted
therapy is only effective in HER2+ breast cancer accounting for
only up to 30% of newly diagnosed breast cancer patient which
can be visualized by HER2 targeted PET imaging (380–383). In
another study, HER2+ PET imaging using [89Zr]trastuzumab
in combination with [18F]FDG resulted in a negative and
positive predictive value of 100% for discriminating between
patients with a time to treatment failure of 2.8 and 15
months (384). A recent preclinical study in a cancer mouse
model, in vivo imaging of different receptor tyrosine kinases
(RTKs) demonstrated a decrease in receptor expression levels
after their respective targeted therapy (385). Beyond oncology,
[18F]FDOPA PET imaging of striatal dopaminergic system has
been shown to effectively stratify responders and non-responders
of antipsychotic treatment in schizophrenic patients (386).
Collectively, these studies support the utility of targeted PET
imaging in aiding patient stratification for specific treatment
strategies, prognosis and precisionmonitoring of treatment effect
in inflammatory diseases including GCA and PMR.

In imaging GCA and PMR, radiotracers targeting specific
cell populations may potentially be superior compared to the
current gold standard [18F]FDG. The majority of the novel
PET radiotracers listed above have shown low non-target organ
uptake, especially in the brain, which could increase the TBR
and may translate into improved detection of cranial artery
inflammation in patients suffering from C-GCA. Additionally,

several novel radiotracers show low blood pool radioactivity
assuring optimal TBR and visualization of aortic and arterial
inflammation in LV-GCA.

Since persistent T cell and macrophage infiltration has been
reported in TAB of patients undergoing glucocorticoid treatment
(59, 60), imaging T cell and macrophage subsets could, in
theory, be superior to [18F]FDG in the diagnostic imaging of
GCA. Similarly, these radiotracers could also be useful for the
diagnostic imaging of PMR as persistent T cell and macrophage
infiltration has also been shown in PMR patients undergoing GC
treatment (54).

Imaging specific leukocyte populations may have prognostic
value andmay help in designing personalized treatment regimens
for GCA and PMR (387). The utility of immune cell targeted
imaging has indeed been reported in the context of oncology and
in autoimmune inflammatory diseases. An example of this was
reported in a study conducted using [99mTC]IL-2 scintigraphy
in melanoma patients. The study showed successful visualization
of tumor infiltrating lymphocytes which enables the selection
of patient whom may benefit from IL-2 immunotherapy (388).
Another example was reported in patients with rheumatoid
arthritis (RA) using B cell targeted [89Zr]rituximab (348). The
study showed that patients who responded to B cells depletion
therapy had higher baseline imaging signal. In the context of
GCA, the higher intensity of CD8+ T cell infiltration in the
vessel wall of GCA patients has been proposed as a risk factor
for visual impairment and a longer GC treatment dependency.
This suggests that CD8+ T cell imaging in GCA may confer
prognostic value (35). In the B cell compartment, CD20-based
imaging could prove to be useful as a theranostic approach to
identify GCA patients that may benefit from rituximab treatment
followed by a therapeutic dose of rituximab after imaging
confirmation (354). In another example, we have previously
reported the prognostic value of serum levels of YKL-40 in
patients suffering from GCA (389). Higher levels of serum YKL-
40 at baseline predicted a longer duration of GC treatment. In
the GCA-affected vessel wall, YKL-40 is highly expressed by GM-
CSF skewed CD206+ macrophages (42). Therefore, imaging the
extent of CD206+ infiltration in the vessels may also predict
the GC dependency of these patients. Recently, a phase II
clinical trial with a GM-CSF receptor blocker (mavrlimumab)
demonstrated GM-CSF receptor blockade to be efficacious in the
treatment of GCA (390). Furthermore, ex vivo treatment of GCA-
affected vessels with mavrilimumab documented a reduction of
CD206 expression (40). Based on these studies, imaging CD206
in GCA patients may potentially identify patients that could
benefit from mavrilimumab treatment. Along similar lines, the
cytokine IL-6 has been reported to elevate the expression of
CD163 on macrophages (5). Hence, the detection of CD163+
macrophages may reveal GCA patients that could benefit from
the IL-6 receptor blocker, tocilizumab. Although no report has
shown infiltration of CD163+ macrophages in PMR, IL-6 is
a major cytokine involved in the pathogenesis of this disease
denoting the possibility of CD163+ macrophage infiltration
in the synovium of PMR patients. Unfortunately, the only
CD163 targeted radiotracer currently reported was developed for
preclinical imaging in rat models but does not cross-react with
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TABLE 5 | Adhesion molecule VCAM-1 targeted PET radiotracers.

Target marker/ Radiotracer Class Clinical/ Active clinical References

pathway preclinical trials

VCAM-1 [18F]4V Peptide Preclinical – (370)

[18F]-FB-anti-VCAM-1 Nb Nanobody Preclinical – (371)

[68Ga]NOTA-VCAM-1scFv Antibody fragment Preclinical – (372)

[68Ga]MacroP Peptide Preclinical – (373)

NAMP–avidin–[68Ga]–BisDOTA Peptide Preclinical – (373)

human CD163 (391). Future development of CD163 targeted
tracers may be beneficial for the imaging of GCA patients and
potentially PMR patients.

The novel radiotracers discussed in this review may also be
used for monitoring treatment efficacy. Reduced numbers of T
cells and macrophages at the site of inflammation have been
reported (54, 59, 60). This may translate to a gradual decrease
in imaging signal during treatment which could be useful
for monitoring ongoing inflammation during GC treatment.
Furthermore, the reduced expression of endothelial adhesion
molecules VCAM-1 and E-selectin has been reported in the
vessels of GCA patients undergoing GC treatment (32). In
addition, targeted imaging of specific cell populations could also
be used for monitoring the efficacy of novel immunotherapies.
Reduced CD206 expression and neovascularization have been
reported in ex vivo cultured temporal artery explants of GCA
patients treated with mavrilimumab (40). Therefore, tracking
the dynamics of these cellular markers by imaging may be
useful for treatment effect monitoring in patients undergoing
mavrilimumab treatment.

Although these novel radiotracers may be useful for imaging
GCA and PMR, several considerations have to be taken into
account before these tracers can be applied in clinical practice.
Firstly, some of these novel tracers are tagged with radionuclides
with high radiation doses such as 89Zr (392). Nuclides with high
radioactivity are necessary for tracers based on large molecules
with low tissue penetration rates such as antibodies. The long
half-life of 89Zr (3.3 days) allows a longer period of time for
effective tissue penetration and blood clearance to ensure that
the signal can be imaged after a prolonged time frame after
injection. This higher radiation dose is permissible in imaging
oncology patients but is not recommended for patients with
autoimmune and inflammatory diseases such as GCA and PMR.
Therefore, it is important to develop radiotracers with better
tissue penetration rates and tagged with radionuclides with
lower radiation burdens such as 18F. The current emerging
technology employing camelid-based nanobody is promising in
this regard (393). Secondly, these novel radiotracers are not
readily available due to the production complexity and cost
compared to [18F]FDG (394, 395). Future research into an
improved methodology for the economical and rapid production
of these novel tracers is imperative to bring these into clinical
practice. Finally, although theoretically the novel radiotracers
mentioned in this review may be useful for the imaging
of GCA and PMR, clinical trials are needed to evaluate

and confirm their utility in the diagnosis and monitoring of
GCA and PMR.

SUMMARY AND CONCLUSION

Due to progress in our understanding of the immunopathology
of GCA/PMR and the development of novel, highly specific
tracers, direct imaging of immune cells/mediators by PET is
now within reach. Such novel PET imaging strategies targeting
a specific subset of inflammatory cells and activation markers of
resident cells could be valuable diagnostic tools in GCA/PMR.
Furthermore, direct imaging of infiltrating immune cells and
inflammatory mediators might be useful for the treatment
monitoring of GCA and PMR patients. Eventually, these novel
radiotracers may also hold promise for disease stratification in
GCA/PMR, since these tracers could help to select patients that
may benefit from particular treatment regimens. The majority
of these novel radiotracers are still mainly used as research
tools in academic centers. Efforts are needed to evaluate these
radiotracers in larger clinical trials to validate their utility in
clinical practice. The introduction and implementation of such
novel tracers will require close collaboration between patients,
clinicians (e.g., rheumatologists, internists), nuclear medicine
specialists and immunologists.
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Background: Several studies have shown that 18F-FDG PET may contribute

to the diagnosis of polymyalgia rheumatica (PMR). Previously, we developed

a composite PET score called the Leuven score, which was recently adapted

to the more concise Leuven/Groningen score by van der Geest et al. The aim

of this study is to validate and compare the diagnostic accuracy and cut-off

points of both scores in a large cohort of PMR patients.

Methods: Patients with a possible clinical diagnosis of PMR and a PET scan

prior to the initiation of glucocorticoids between 2003 and 2020 were

included retrospectively. The gold standard for the diagnosis of PMR was the

judgment of two experienced clinicians after a follow-up of at least 6 months.

FDG uptake was scored visually in 12 articular regions (scores 0–2) and a total

skeletal score was calculated by summing the individual scores (maximum of

24 for the Leuven score and 14 for the Leuven/Groningen score). Receiver

operating characteristic (ROC) analysis and the Youden index were used to

determine the diagnostic accuracy and optimal cut-off points.

Results: A total of 162 patients with PMR and 83 control patients were

included. Both PET scores showed high diagnostic accuracy in the ROC

analysis (area under the curve 0.986 and 0.980, respectively). The Leuven

Score provided a sensitivity of 91.4%, specificity of 97.6% and accuracy of

93.5% at its predefined cut-off point of 16. With the newly determined cut-off

point of 12 the sensitivity was 98.8%, the specificity 95.2% and the accuracy

97.6%. The Leuven/Groningen score had a sensitivity, specificity and accuracy
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of 93.2%, 95.2%, and 93.9%, respectively, with the pre-specified cut-off point

of 8, and 96.9%, 92.8%, and 95.5% with the optimal cut-off point of 7.

Conclusion: The original Leuven score and the simplified Leuven/Groningen

score both had excellent diagnostic accuracy. The latter may be easier to

apply in clinical practice.

KEYWORDS

polymyalgia rheumatica (PMR), PET, diagnostic accuracy, validation, leuven score,
Leuven/Groningen score

Introduction

Polymyalgia rheumatica (PMR) is a systemic inflammatory
disease that affects elderly people. It is characterized by pain
and morning stiffness in the neck, shoulders and pelvic girdle.
It is commonly associated with constitutional symptoms and
elevated inflammatory markers (1).

The diagnosis of PMR may be challenging, since there
are no symptoms, laboratory abnormalities, or imaging
findings specific for PMR. Other conditions, such as other
musculoskeletal disorders, infectious disease and malignancy,
should be ruled out. The 2012 EULAR/ACR criteria were
developed for research and not for diagnostic purposes (2). In
addition, the sensitivity and specificity of these criteria are quite
low (68 and 78%, respectively).

Several studies have shown that 18F-fluorodeoxyglucose
(FDG) positron emission tomography (PET) may contribute to
the diagnosis of PMR (3–6). FDG uptake is typically located
at the shoulder and hip girdle, sternoclavicular joints, cervical
and lumbar interspinous bursa, trochanteric bursa, and ischial
tuberosities (4). Since individual sites do not provide sufficient
diagnostic accuracy (7), several PET/CT algorithms (5, 8) and
composite scores (4, 9–13) have been developed to determine
when a PET/CT should be considered compatible with PMR.
Direct comparison of 5 of these algorithms and composite scores
(4, 5, 8, 11) showed that the Leuven Score, as reported by our
group in 2018, had the best diagnostic accuracy with a sensitivity
of 89.7% and specificity of 84.2% at the optimal cut-off point
of 16 (14). Van der Geest et al. developed a more concise
score, which is called the Leuven/Groningen score, based on the
anatomic sites with an AUC ≥ 0.8 in ROC analysis (Figure 1)
(14). This score provided a similar diagnostic accuracy with
a sensitivity of 89.7% and specificity of 84.2% at the optimal
cut-off point of 8.

In this study, we aim to validate and compare the diagnostic
accuracy and cut-off points of the Leuven score and the
Leuven/Groningen score in a large cohort of PMR patients.

Materials and methods

Patient population

We retrospectively included patients with a possible clinical
diagnosis of PMR, who were evaluated by the Department
of General Internal Medicine of the Leuven University
Hospitals between 2003 and 2020 and had undergone PET
imaging prior to the initiation of glucocorticoids. Patients
with clinical symptoms of giant cell arteritis (GCA) or a
positive temporal artery biopsy were excluded. Patients included
in the study of Henckaerts et al., which were diagnosed
between August 2012 and November 2015, were also excluded
(4). The gold standard for the diagnosis of PMR was
based on the judgment of two experienced clinicians (D.B.
and S.V.) after at least 6 months of follow-up, considering
all available information (clinical data, biochemical and
radiological results, PET images, and evolution during follow-
up).

The study was conducted in accordance with the
Declaration of Helsinki and approved by the ethical committee
of the University Hospitals Leuven. Informed consent was
waived because of the retrospective nature of the study and the
analysis used pseudonymized clinical data.

Data collection

We collected the following patient data from the electronic
health record: age, sex, date of diagnosis, duration of symptoms
until PET, clinical symptoms at diagnosis (fever [defined as
temperature ≥38.3◦C], anorexia, weight loss, morning stiffness,
shoulder and pelvic girdle pain, neck and lower back pain, pain
and swelling of peripheral joints), laboratory values (erythrocyte
sedimentation rate [ESR; mm/h], C-reactive protein [CRP;
mg/L], hemoglobin [g/dL] and alkaline phosphatase [U/L]), and
final diagnosis.
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Positron emission tomography
imaging and analysis

Patients were required to fast for at least 6 h before
intravenous injection of 4.5 MBq/kg of 18F-FDG, and glycemia
levels were determined in all patients (<140 mg/dl). A whole-
body PET scan was performed 45–60 min after tracer
administration. PET scans were performed between 2003
and 2020, consecutively acquired on a ECAT HR + PET

FIGURE 1

Coronal (left) and sagittal (right) 18F-FDG-PET image of (A) a
PMR patient with a Leuven score of 24 and a Leuven/Groningen
score of 14 and (B) a patient with fibromyalgia as final diagnosis
with a Leuven score of 3 and a Leuven/Groningen score of 1.
The Leuven score is the sum of joints indicated by green and
blue arrows. The Leuven/Groningen score is the sum of joints
indicated only by green arrows.

camera, Hirez Biograph 16 PET/CT or Truepoint Biograph
40 PET/CT (Siemens, Knoxville, TN, USA). Because of scan
duration, HR + data were not corrected for attenuation using
transmission scanning. On the PET/CT systems, either a low-
dose non-diagnostic CT scan or a diagnostic CT scan with oral
and intravenous contrast was performed immediately before
PET acquisition.

Non-attenuation corrected (non-AC) PET images were
available for all included patients and attenuation-corrected
(AC) PET images were only available for the patients
who were scanned with a PET/CT system (n = 119/245).
PET data were corrected for scatter and randoms. Data
were reconstructed using iterative OSEM reconstruction, with
parameters optimized over the years (FWHM HR + 6–7 mm,
for the Truepoint 5 mm).

Reconstructed PET images were re-evaluated visually by
two independent specialists in nuclear medicine (K.V.L., L.B.),
who were blinded for all other patient information. Both the
non-AC PET images and the AC PET images were evaluated
independently when available. To assess inter-reader reliability,
PET images for the first 20 patients were evaluated by both
specialists. The interrater agreement was assessed via the intra-
class correlation coefficient (ICC) with a two-way mixed effects
model. All other PET images were randomized and scored by
one of both specialists only as interrater agreement was high
in the sample set.

FDG PET uptake was visually assessed for 12 predefined
skeletal regions (cervical spinous processes, lumbar spinous
processes, left and right sternoclavicular joint, left and right
ischial tuberosity, left and right greater trochanter, left and right
hip, and left and right shoulder), and scored using a three-
point scoring system: 0 (no elevated FDG uptake), 1 (moderately
elevated FDG uptake, but less than mean liver uptake) or 2
(intense FDG uptake, equal or more than average liver uptake).
The mean liver uptake is harder to assess in non-AC images
as a radial non-linear gradient is present in the liver due to
attenuation. The skeletal scores of the non-AC PET images and
the AC PET images were compared if they were both available.
The Leuven score was calculated for every patient, by summing
the individual scores at the 12 different skeletal sites (total
score of 0–24) (Figure 1). For the Leuven/Groningen score the
scores for the lumbar spinous processes, sternoclavicular joints,
ischial tuberosities and hips were summed with a total score
ranging from 0 to 14.

Statistical analysis

Categorical and continuous variables were expressed as
count (percentage) and median ± interquartile range (IQR),
respectively. Chi square tests or Mann-Whitney U-tests were
used to compare characteristics between PMR patients and
patients in whom PMR was initially suspected, but who
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TABLE 1 Baseline characteristics for the entire population.

Characteristics Total (n = 245) PMR (n = 162) Non-PMR (n = 83) P-value

Age at inclusion, years, median
(IQR)

70 (60–76) 71 (63–77) 63 (56–75) 0.001

Sex, no. of females, n (%) 131 (53) 89 (55) 42 (51) 0.52

Symptom duration until PET/CT,
weeks, median (IQR)

11.5 (5–25.75)28 10 (4.5–19)16 15 (6–41.5)12 0.02

Symptoms, n (%)

◦ Fever 34 (14) 21 (13) 13 (16) 0.56

◦ Anorexia 73 (30) 46 (28) 27 (33) 0.50

◦ Weight loss 85 (35) 61 (38) 24 (29) 0.17

• Amount of weight loss, kg,
median (IQR)

6 (4–8)9 6 (4–8)7 6 (5–7)2 0.80

◦ Morning stiffness 136 (83)81 102 (89)47 34 (69)34 0.003

• Duration, minutes, median
(IQR)

60 (30–120)59 60 (30–120)44 60 (30–60)15 0.24

◦ Shoulder pain 212 (87) 150 (93) 62 (75) 0.0001

◦ Neck pain 63 (26) 45 (28) 18 (22) 0.30

◦ Lower back pain 55 (22) 35 (22) 20 (24) 0.66

◦ Pelvic girdle pain 188 (77) 133 (82) 55 (66) 0.006

◦ Pain in peripheral joints 108 (44) 73 (45) 35 (42) 0.67

◦ Swelling of peripheral joints 39 (16) 30 (19) 9 (11) 0.11

Laboratory values

◦ ESR, mm/h, median (IQR) 46 (29.75–66.25)37 47 (35.5–66.25)14 30.5 (14.75–66.25)23 0.007

◦ CRP, mg/L, median (IQR 31.0 (9.325–67.975)1 36.0 (14.4–73.7)1 15.8 (2.55–60.95) 0.0003

◦ Hemoglobin, g/dL, median
(IQR)

12.65 (11.4–13.68)7 12.4 (11.3–13.5)5 13.0 (11.9–14.1)2 0.03

Alkaline phosphatase, U/L,
median (IQR)

100.5 (76.25–184.75)31 134 (81.25–210.25)28 85.5 (69.75–119.25)3 <0.0001

CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; IQR, interquartile range; n, number; no., number; PET/CT, positron emission tomography/computed tomography; PMR,
polymyalgia rheumatica. Number of missing values are reported in superscript. The bolded p-values are the p-values that are significant.

received an alternative diagnosis after further tests and follow-
up (further called “non-PMR patients”). The Leuven and
Leuven/Groningen score were compared via the Mann-Whitney
U-test. The sensitivity, specificity, accuracy, positive and
negative likelihood ratio (LR) of the Leuven score and the
Leuven/Groningen score were calculated for different cut-off
values and plotted in a receiver operating characteristic (ROC)
curve. The optimal cut-off value was determined by the Youden
index (formula sensitivity + specificity–1). We did a sensitivity
analysis excluding patients with only non-AC PET images.
All statistical tests were performed using 2-tailed tests with
significance set at the p < 0.05 level. Statistical analysis was
performed in R Studio (version 2022.03.10, The R Foundation
for Statistical Computing) with inclusion of the psych, epiR,
ggplot, and pROC packages.

Results

A total of 245 patients were included in this study, of which
162 had a diagnosis of PMR and 83 received an alternative

diagnosis (Supplementary Table 1). PET contributed to
the alternative diagnosis in 8 non-PMR patients (9.6%): a
paraneoplastic syndrome in 4 patients and dermatomyositis,
polyarteritis nodosa, cholangitis and a liver abscess in
one patient each.

The baseline characteristics are presented in Table 1. PMR
patients were older compared to non-PMR patients (71 vs.
63 years, p = 0.001), but had a similar female to male
ratio (55 vs. 51% female patients, p = 0.52). The symptom
duration was significantly shorter in PMR patients (10 vs.
15 weeks, p = 0.02). PMR patients more frequently reported
morning stiffness (89 vs. 69%, p = 0.003) and pelvic (82
vs. 66%, p = 0.006) and shoulder girdle pain (93 vs. 75%,
p = 0.0001). There were no significant differences in neck
and lower back pain, in pain and swelling of peripheral
joints and in constitutional symptoms. ESR (47 vs. 31 mm/h,
p = 0.007), CRP (36.0 vs. 15.8 mg/L, p = 0.0003) and
alkaline phosphatase (134 vs. 86 U/L, p < 0.0001) were
significantly higher in PMR patients compared to non-PMR
patients. Hemoglobin was significantly lower (12.4 vs. 13.0 g/dL,
p = 0.03).
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FIGURE 2

(A) Boxplot of the Leuven score (left) and the Leuven/Groningen score (right) in PMR patients vs. non-PMR patients. (B) Curve of the sensitivity
and specificity of the Leuven score (left) and the Leuven/Groningen score (right) with variable cut-offs. Legend: light gray, predetermined
cut-off value; dark gray, optimal cut-off value determined by the Youden index. Abbreviations: PMR, polymyalgia rheumatica.

When considering all joints involved, FDG uptake was more
frequently symmetrical in PMR patients compared to non-PMR
patients (43.8 vs. 14.5%, p < 0.0001) (Supplementary Table 2).
Also in each joint separately the FDG uptake was significantly
more often symmetrical.

The Leuven and Leuven/Groningen scores showed excellent
interrater agreement (ICC 0.90 and 0.88, respectively). Both
the Leuven and the Leuven/Groningen scores were significantly
higher in PMR patients compared to non-PMR patients (21
[IQR 19–22] vs. 5 [IQR 3.5–7], p < 0.0001 and 12 [IQR 10–
13] vs. 3 [IQR 2–4.5], p < 0.0001, respectively) (Figure 2). Both
scores had an excellent and comparable diagnostic accuracy
in the ROC analysis (AUC 0.986 [95% CI 0.971–1.000] and
0.980 [95% CI 0.963–0.997], respectively) (Table 2 and Figure 2
and Supplementary Figure 1). The Leuven score provided
a sensitivity of 91.4% [95% CI 85.9–95.2%], a specificity of
97.6% [95% CI 91.6–99.7%] and an accuracy of 93.5% [95%
CI 89.6–96.2%] at its predefined cut-off point of 16 with a
positive LR of 37.9 [95% CI 9.6–149.2] and a negative LR
of 0.09 [95% CI 0.05–0.15]. Based on the current cohort,
the optimal cut-off point determined by the Youden index
was 12. With this cut-off point, the sensitivity, specificity,
accuracy, positive and negative LR were 98.8% [95% CI 95.6–
99.9%], 95.2% [95% CI 88.1–98.7%], 97.6% [95% CI 95%
CI 94.7–99.1%], 20.5 [95% CI 7.9–53.3], and 0.01 [95% CI
0.003–0.05], respectively. Four non-PMR patients had a Leuven

score above the cut-off of 12: rotator cuff tendinopathy,
rotator cuff tendinopathy combined with osteoarthritis of
the lower back, systemic lupus erythematosus and Whipple’s
disease in one patient each. The Leuven/Groningen score had
a sensitivity of 93.2% [95% CI 88.2–96.6%], specificity of
95.2% [95% CI 88.1–98.7%], and accuracy of 93.9% [95%
CI 90.1–96.5%] at its pre-specified cut-off point of 8 with
a positive LR of 19.3 [95% CI 7.4–50.4] and a negative
LR of 0.07 [95% CI 0.04–0.13]. The optimal cut-off point
determined by the Youden index was 7 in the current cohort.
With this cut-off point, the sensitivity, specificity, accuracy,
positive and negative LR were 96.9% [95% CI 92.9–99.0%],
92.8% [95% CI 84.9–97.3%], 95.5% [95% CI 92.1–97.7%],
13.4 [95% CI 6.2–29.0], and 0.03 [95% CI 0.01–0.08]. Six
non-PMR patients had a score of 7 or more with the
following diagnoses: rotator cuff tendinopathy, systemic lupus
erythematosus, Whipple’s disease, osteoarthritis, fibromyalgia
and infection-related arthralgia in one patient each. A sensitivity
analysis excluding patients with only non-AC images yielded
similar results (Supplementary Table 3).

Discussion

This is the first study to compare and validate the diagnostic
accuracy of the Leuven score and the Leuven/Groningen score
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TABLE 2 Diagnostic accuracy of Leuven and Leuven/Groningen score.

Score Sensitivity (95% CI) Specificity (95% CI) Accuracy (95% CI) LR + (95% CI) LR- (95% CI) AUC (95% CI)

Leuven score

Cut-off 16 91.4% (85.9–95.2%) 97.6% (91.6–99.7%) 93.5% (89.6–96.2%) 37.9 (9.6–149.2) 0.09 (0.05–0.15) 0.986 (0.971–1.000)

Cut-off 12 98.8% (95.6–99.9%) 95.2% (88.1–98.7%) 97.6% (94.7–99.1%) 20.5 (7.9–53.3) 0.01 (0.003–0.05)

Leuven/Groningen score

Cut-off 8 93.2% (88.2–96.6%) 95.2% (88.1–98.7%) 93.9% (90.1–96.5%) 19.3 (7.4–50.4) 0.07 (0.04–0.13) 0.980 (0.963–0.997)

Cut-off 7 96.9% (92.9–99.0%) 92.8% (84.9–97.3%) 95.5% (92.1–97.7%) 13.4 (6.2–29.0) 0.03 (0.01–0.08)

95% CI, 95% confidence interval. AUC, area under the curve; LR, likelihood ratio.

for the diagnosis of PMR in a large real-life cohort. Our group
developed the Leuven score in 2018 and found a sensitivity of
85.1% and specificity of 87.5% at a cut-off point of 16 (4). The
retrospective study of van der Geest et al., in which several PET
algorithms and scores were compared, yielded a comparable
diagnostic accuracy of the Leuven score with a sensitivity of
89.7% and a specificity of 84.2% at the same cut-off point (14).
In this study, we observed a higher diagnostic accuracy with a
sensitivity of 91.4% and a specificity of 97.6%. Van der Geest
et al. adapted the Leuven score to a more concise score, which
provided a sensitivity of 89.7% and a specificity of 84.2% at
the optimal cut-off point of 8 (14). This study confirms these
findings with a sensitivity of 93.2% and a specificity of 95.2%
for the Leuven/Groningen score. Thus, we found an excellent
and comparable diagnostic accuracy for both scores with AUC
0.986 and 0.980, respectively, which are the best diagnostic
accuracy results for a PET algorithm or score for PMR reported
to date. However, we mainly want to emphasize the comparable
performance of the Leuven and the Leuven/Groningen score.
Since the Leuven/Groningen score only requires evaluation of
7 anatomic sites instead of 12, it may be easier to implement and
apply in routine clinical practice.

Since this cohort is much larger than the studies in which the
Leuven score and the Leuven/Groningen score were developed
(99 and 58 patients, respectively) (4, 14), we determined the
optimal cut-off points in the current cohort. We found an
optimal cut-off point of 12 and 7, respectively, which were
both lower than the initial cut-off points. This resulted in a
sensitivity and specificity of 98.8% and 95.2% for the Leuven
score and 96.9% and 92.8% for the Leuven/Groningen score,
respectively. The predefined and newly determined cut-off
points should ideally be compared in a large prospective cohort
to determine the definitive cut-off. Several cut-off points may be
applied depending on the preference for a higher sensitivity or
specificity. All cut-off points between 10 and 16 for the Leuven
score and a cut-off point of 7 or 8 for the Leuven/Groningen
score had a sensitivity and specificity for PMR over 90%.

In this study, PMR patients were significantly older and
had a more pronounced inflammatory response. The symptom
duration was longer in non-PMR patients probably due to a
considerable amount of patients with a mechanical cause in

this group. PMR patients more frequently reported shoulder
and pelvic girdle pain and morning stiffness. In addition,
we observed more frequently a symmetrical articular and
periarticular FDG uptake in PMR patients compared to non-
PMR patients. Since the diagnostic accuracy of the Leuven and
Leuven/Groningen score is already excellent, consideration of
the symmetry would make the scores more complex without a
large increase in diagnostic yield.

This study confirms that FDG-PET may be an excellent
diagnostic tool for PMR. Additionally, FDG-PET may
contribute to the diagnosis of common mimics of PMR.
In our cohort, PET revealed an alternative diagnosis in 8 of the
83 (9.6%) non-PMR patients.

Strengths of our study include the large cohort, a control
group consisting of patients with PMR-like disorders who had
a similar clinical presentation, the fact that PET imaging was
performed prior to the initiation of glucocorticoids and the
assessment of interrater agreement. This study also has several
limitations. First, part of the FDG-PET scans were performed on
a stand-alone PET system with lower resolution and sensitivity
compared with current PET-CT systems. In addition, PET
images without CT-scan preclude attenuation correction, so the
mean liver uptake is an assessment by the reader. However,
sensitivity analysis excluding these PET scans found similar
results. Second, the interrater agreement was only assessed in
the first 20 patients. Third, we did not assess PET images
quantitatively as we aimed to validate the Leuven and the
Leuven/Groningen score. These scores used a semi-quantitative
method with visual scores intended for application in clinical
practice. Compared to quantitative methods, they require less
experience and are less time-consuming. In addition, selection
bias due to the retrospective design could have potentially
influenced the results. Fifth, the clinicians responsible for
the diagnosis of PMR had access to the PET images, since
it was performed as part of routine clinical practice. This
could result in circular reasoning and increased diagnostic
accuracy. However, PMR-PET scores were not specified in the
PET report and the final diagnosis was based on all available
diagnostic information. In addition, the two nuclear specialists
who re-evaluated the PET images, were blinded for all patient
information. Finally, since all patients were diagnosed and
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followed in a general internal medicine department, the non-
PMR group contained only a limited number of patients with
rheumatic diseases, which could explain the high specificity of
the Leuven and Leuven/Groningen score.

In conclusion, the Leuven score and the Leuven/Groningen
score provided an excellent and comparable diagnostic accuracy
in a real-life cohort. Due to the lower number of anatomic sites
that needs to be evaluated, the Leuven/Groningen score may be
easier to apply in clinical practice. The optimal cut-off points
were 12 for the Leuven score and 7 for the Leuven/Groningen
score, but require further validation in a large prospective
cohort. Further imaging studies should address if these scores
can be used for disease monitoring.
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Nuclear medicine techniques allow important insights not only into oncologic,

neurologic, and infectious conditions, but also for the assessment of rheumatic

diseases. This review provides a brief, update on the potential role of

nuclear imaging in rheumatology, especially on 18F-fluorodeoxyglucose (FDG)

positron emission tomography for the diagnosis of giant cell arteritis and

other large vessel arteritis according to international recommendations.

Besides, the potential role of this and other nuclear imaging techniques

for the rheumatologic practice are summarized. With 18F-fluoride as tracer

for positron emission tomography, a new option for bone scintigraphy

comes up, whereas the use of a semiquantitative sialoscintigraphy is no

more supported for classification of Sjögren’s syndrome according to

current recommendations. Other techniques are used for di�erent organ

manifestations in systemic rheumatic diseases like for myocardial infarction

and apoplectic insult.

KEYWORDS

imaging, scintigraphy, tomography, magnetic resonance, fluorodeoxyglucose,

Technetium-99m, fluoride, giant cell arteritis

Introduction

The application of nuclear medicine techniques allows diagnostic insights not

only into most oncologic, neurologic and infectious conditions, but also into selected

rheumatic diseases. In rheumatology, 18F-fluorodeoxyglucose (FDG)-positron emission

tomography (PET) can be considered as the nuclear medicine techniques most often

requested by rheumatologists. According to a recent survey for diagnostic purposes,

large vessel vasculitis, fever or increased erythrocyte sedimentation rate of unknown

origin are the most common indications to request FDG-PET, while sarcoidosis,

immunoglobulin G4-related disease, total joint replacement, constitutional symptoms,

suspicion of malignancy, polymyalgia rheumatica (PMR) and suspicion of osteomyelitis

are rare indications (1). Bone scintigraphy, and semiquantitative sialoscintigraphy have

been established in rheumatology, but today are less frequently needed in rheumatology

as compared to orthopedics and oncology, respectively.
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The combined use of nuclear medicine techniques together

with computerized topography (CT) or magnetic resonance

imaging (MRI) provides a combination of functional data of

increased cellular metabolism together with exact localization

and description of the affected anatomic structures. Amongst

experts including 80% rheumatologists with ≥5 years of

experience in FDG-PET, 95% already utilize PET–CT, 9%

PET–MRI and only 12% standalone PET (respondents were

allowed to indicate more than one option) (1). For the

future, the increasing availability of total body imaging will

certainly have a revolutionary impact on day-to-day practice of

medicine (2).

This narrative mini-review summarizes the most

important clinical aspects of nuclear medicine techniques—

from the rheumatologist’s and a nuclear medicine

specialist’s perspectives.

Established nuclear medicine
techniques for indications in
rheumatology

FDG-PET in large vessel vasculitis

General considerations

According to the 2012 Revised International Chapel

Hill Consensus Conference Nomenclature of Vasculitides,

inflammation of large vessels are typical for giant cell arteritis

(GCA) and Takayasu arteritis (TAK), but may also present in

variable vessel vasculitis like Behçet’s disease and in isolated

aortitis as single organ vasculitis (3). This consensus stated that

“primarily because there are no specific biomarkers for TAK and

GCA, it is not possible to know if any or all examples of single

organ vasculitis aortitis are limited expressions of TAK or GCA.”

This aspect has important implications on therapeutic decision-

making, as controlled interventional studies are not available

so far.

For the differentiation between isolated aortitis and TAK or

GCA, imaging using FDG-PET with or without CT or MRI is

helpful. Since about 20 years, FDG-PET has been introduced

into clinical practice (4), and for diagnosis of non-cranial large

vessel arteritis, first successful cases were reported back in 2003

(5), with more and more studies coming up in the following

years. The most important milestones in the field were achieved

in 2017 and in 2018 as outlined below.

FDG-PET for classification of giant cell arteritis
in 2017

Since 1990, the American College of Rheumatology (ACR)-

criteria GCA have been successfully applied (6). At this time, the

focus on GCA was on temporal arteritis as the cranial form of

GCA. Only later, the non-cranial forms of GCA were more and

more realized, especially by using imaging tools for examining

the aorta and its major branches.

In 2017, the diagnostic delay of non-cranial GCA was still

reported with 17.6 weeks and thus supported the need of fast-

track diagnostic pathways (7). In the same year, however, a

large interventional trial was published reporting not only the

effects of tocilizumab as an inhibitor of interleukin-6 receptor

alpha in GCA, but also used PET as an imaging option for

identifying patients with non-cranial GCA (8). In this trial,

“diagnosis of GCA was based either on results of a temporal-

artery biopsy showing features of GCA or on evidence of large-

vessel vasculitis on angiography, CT or magnetic resonance

angiography, or PET” (8).

Since then, FDG- PET/CT is accepted as an imaging

technique to be included into considerations for both diagnosing

and classifying GCA. Such use of imaging tools like the F-FDG-

PET for the non-cranial forms of GCA without involvement

of the temporal arteries had never been formally validated in

combination with other parameters for their potential accuracy

as classification tool. As this trial further led to the approval

of tocilizumab for the indication of GCA by national and

international authorities, the study can be considered both as a

milestone for classification of GCA and introduction of a new

treatment also for GCA in general including the non-cranial

form of GCA (9).

2018 recommendations for use of FDG-PET

In 2018, both a joint procedural recommendation of

the European Association of Nuclear Medicine (EANM),

the Society of Nuclear Medicine & Molecular Imaging

(SNMMI) and the PET Interest Group (PIG) endorsed by

the American Society of Nuclear Cardiology (ASNC), and a

study group of the European Alliance of Associations For

Rheumatology (EULAR) made recommendations for FDG-

PET/CT imaging in large vessel vasculitis and polymyalgia

rheumatica (PMR) (10, 11). These two recommendations

are summarized in Table 1. Today, the use of FDG-PET/CT

with or without angiography [FDG-PET/CT(A)] is well-

established for diagnosing the non-cranial form of GCA, TAK

and isolated aortitis. The consensus of experts in the field

include the aspects of patient preparation, FDG-PET/CT(A)

acquisition and interpretation for the diagnosis and follow-up

of patients with suspected or diagnosed large vessel vasculitis

and/or PMR.

At this time in 2018, FDG-PET/CT was still considered

as not disease-specific and primarily developed to diagnose

malignant and infectious/inflammatory diseases (10). The main

limitation of FDG-PET/CT with or without angiography (A) to

becoming a standardized diagnostic tool for large vessel arteritis

was still the lack of an internationally accepted definition of

vascular inflammation, based on the intensity and pattern of the

glucose analog uptake (10).
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TABLE 1 Summary of 2018 recommendations for FDG-PET/CT(A) imaging in large vessel vasculitis and polymyalgia rheumatica by (a) the EANM,

SNMMI, and the PET Interest Group (PIG), endorsed by the ASNC (10) and (b) a EULAR study group (11).

Topic EANM, SNMMI, and PET interest group EULAR study group

PET/CT Low-Dose non-contrast CT for attenuation correction and anatomical reference Hybrid PET with low-dose CT

Dietary preparation Fasting for at least 6 h prior to FDG administration, intake of non-caloric beverages

allowed. In case of FUO or suspected cardiac involvement: Consider fat-enriched diet

lacking carbohydrates for 12–24, 12–18 h fast, and/or use of i.v. unfractionated

heparin∼15min prior to FDG injection

Blood glucose level Normal blood glucose levels desirable, but glucose levels <7 mmol/L (126 mg/dL)

preferable

Preferably <7 mmol/L (126

mg/dL) Acceptable <10

mmol/L (180 mg/dL)

Glucocorticoids Withdraw or delay GC therapy until after PET, unless there is risk of ischemic

complications, as in case of GCA with temporal artery involvement. FDG-PET within

3 days after start of GC is optional as possible alternative

Dose of FDG injection 3D: 2–3 MBq/kg (0.054–0.081 mCi/kg) body weight (depending on vendor suggestion

of camera system)

Interval between FDG

administration and imaging

Minimum interval of 60min between FDG administration and acquisition for

adequate biodistribution

≥60min, preferably 90 min

Position of patient Supine, arms next to the body Supine, arms should be down

Body parts to include Head down to feet From top to head to at least

midthigh, preferably to below

the knees

Scan duration 3D: 2–3 min/bed position (depending on vendor suggestion of camera system)

Scoring FDG uptake Use of standardized grading system proposed: 0= no uptake (≤mediastinum); 1=

low-grade uptake (<liver); 2= intermediate-grade uptake (= liver), 3= high-grade

uptake (>liver), with grade 2 considered possibly positive and grade 3 positive for

active LVV. Typical FDG joint uptake patterns* should be reported if present.

Normalization of arterial wall uptake to background activity of venous blood pool

provides good reference for assessing vascular inflammation. Grading of arterial

inflammation against liver background is established method

Qualitative visual grading; if

result is unclear, compare it

with liver background

(grading 0–3)

Diagnostic performance for

LVV and PMR

Based on available evidence, FDG-PET imaging exhibits high diagnostic performance

CTA and FDG-PET have complementary roles in diagnosis of LVV

Diagnostic performance for

LVV and PMR

FDG-PET/CT(A) may be ofvalue for evaluating response to treatment by monitoring

functional metabolic information and detecting structural vascular changes (evidence

level III, grade C), but additional prospective FDG-PET/CT(A) studies are warranted

CT, computerized tomography; CTA, CT angiography; FDG, 18F-Fluorodeoxyglucose; FUO, fever of unknown origin; GC, glucocorticoids; LVV, large vessel vasculitis; PET, positron

emission tomography; PMR, polymysalgia rheumatic.

*Including scapular and pelvic girdles, interspinous regions of cervical and lumbar vertebrae, or knees.

According to the 2018 EULAR recommendation, PET was

not recommended for the assessment of inflammation of cranial

arteries, but may be used for detection of mural inflammation

and/or luminal changes in extracranial arteries to support

the diagnosis of large vessel GCA and as alternative imaging

modality in patients with suspected TAK (11). A limitation to

both of these recommendations is that in the clinical setting

FDG-PET/CT imaging is certainly not routinely applied for

diagnosing PMR because of its availability and the priority

of sonography which was already introduced in the 2012

provisional classification criteria for PMR (12).

Bone scintigraphy in current
rheumatology

Since decades, bone scintigraphy with the radioactive tracer

Technetium-99m pertechnetate (99mTc-pertechnetate) has been

used for the diagnosis and follow-up of metabolic bone diseases,

although diffuse scintigraphic changes are generally of little

diagnostic value (13). Because of its high sensitivity and the

easily acquired image of the whole body, its most common use

was the detection of fractures in osteoporosis, pseudofractures

in osteomalacia and the evaluation of Paget’s disease (14).
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Today, 18F-fluoride as tracer for PET/CT has shown to be

more sensitive and specific than traditional bone scintigraphy,

and the addition of CT further increases specificity in detecting

bone metastasis (15). With 15–30min vs. 3–4 h, uptake times

are shorter than for conventional bone scintigraphy, and

imaging times are shorter but the radiation exposure is

approximately double with Fluoride PET/CT compared to

standard bone scintigraphy (16). The main indications for 18F-

fluoride PET/CT are bone metastases, only limited data are

available for metabolic bone diseases.

Despite the limited value of bone scintigraphy in the

primary diagnostic procedure, bone scintigraphy is of value

in the preparation and follow up of radiosynoviorthesis. The

method then allows direct comparisons before and after

radiosynoviorthesis. Almost all national procedure guidelines

include bone scintigraphy or other imaging techniques as

mandatory before and 6 months after radiosynoviorthesis.

Semiquantitative sialoscintigraphy and
Sjögren’s disease

According to the revised version of the European criteria

proposed by the American-European Consensus Group for

the classification of primary Sjögren’s syndrome in 2002, a

positive scintigraphy was defined as delayed uptake, reduced

concentration, and/or delayed excretion of the radioactive tracer

Technetium-99m pertechnetate (99mTc-pertechnetate) (17).

Already in 2007, it was foreseeable that the role of

sialoscintigraphy will be reduced when applying the American-

European criteria (AECG) (18). Since then, two separate

arguments support this assumption: First, according to a meta-

analysis with pooled sensitivity of 80% and specificity of 89%,

the diagnostic accuracy of salivary sonography is comparable

with sialography in patients with Sjögren’s disease (19). Thus,

the sonographic finding of major salivary gland involvement

was proposed to replace sialoscintigraphy in the AECG criteria

for diagnosis of primary Sjögren’s syndrome (20). Second,

due to the low specificity and the inability to differentiate

uptake failure from secretory failure, specialists proposed that

scintigraphic examination should focus on the degree of salivary

gland dysfunction rather than the diagnosis or classification of

primary Sjögren’s syndrome (21). In 2016 then, new criteria were

designed and validated by the ACR and EULAR, without using

sialography at all (22).

Although in the cohort at the National Institutes of Health,

USA, the older AECG set and the new 2016 ACR-EULAR set

were found to be equivalent (23), sialoscintigraphy is currently

not recommended for the classification of Sjögren’s syndrome

and may only remain a possible, but rarely indicated technique

for the assessment of salivary gland dysfunction in clinical and

research settings.

Nuclear medicine techniques for
rare rheumatological conditions

Musculoskeletal indications

In rheumatology, nuclear medicine techniques are not

recommended for the routine assessment of arthritis, enthesitis,

dactylitis or spondyloarthritis. Only in rare cases, it may be

exceptionally indicated.

Spondyloarthritis and rheumatoid arthritis

Scintigraphy of the sacroiliac joints is of limited value for

the diagnosis of axial Spondyloarthritis, but unilateral compared

to bilateral sacroiliitis is slightly superior despite low sensitivity

(with sensitivities of scintigraphy for unilateral or bilateral,

bilateral and isolated unilateral sacroiliitis of 64.9, 40.2, and

24.7%, and specificities of 50.5, 57.7, and 92.8%, respectively)

(24). Therefore, scintigraphy is used only very rare in case of a

contraindication for MRI.

Concerning FDG-PET in rheumatoid arthritis, a recent

study finds even more harm than benefit for the patients

(25). This unblinded study showed that FDG-PET/CT allowed

incidental detection of extra-articular abnormalities in 57% of

the patients, resulting in additional diagnostic procedures in

26.6% of them. Most important, 7.4% of the patients were

suspected with a malignancy, but none turned out to be

malignant—but as many as six clinical malignancies developed

during follow-up, who were all negative on baseline FDG-

PET/CT.

Adult-onset Still’s disease

Several groups propose FDG-PET for the diagnosis and

assessment of disease activity in adult-onset Still’s disease

(AOSD). Indeed, the glucose metabolism of liver, spleen and

bone marrow were correlated with laboratory inflammatory

markers, and FDG uptake in the spleen was proposed as a

potential biomarker for predicting clinical prognosis of AOSD

patients (26).

Polymyalgia rheumatica

According to the 2012 provisional EULAR/ACR

classification criteria for PMR, sonography has been

implemented as additional imaging option to support the

classification (12). This consensus was based on data from a

prospective cohort using clinical characteristics and laboratory

data, together with sonography at least in several of the

participating centers, but not FDG-PET.

A recent systematic review andmeta-analysis now concludes

that significant FDG uptake at a combination of anatomic sites

is informative for diagnosis of PMR (27). According to a recent
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study significant FDG-uptake at least in three sites identified

PMR with a sensitivity of 86% and a specificity of 85.5% in

inflammatory rheumatic patients (28), whereas others showed

that presence of optimal ordered combination of two sites

already had a sensitivity and specificity to diagnose PMR of

73.2 and 87.5% in the training cohort and 78.6 and 80.1% in

the validation cohort, respectively (29). When comparing these

results with data from rheumatologists trained in sonography,

both sensitivity (with 92.6%) and specificity (with 91.3%) were

much higher than using FDG-PET (30). Thus, PMR can be

helpful but is not considered as typical indication for FDG-PET.

Only in rare cases of “untypical” PMR, other diseases like

large vessel arteritis, malignancies or infections may be detected

using FDG-PET (31).

Non-musculoskeletal indications

The most frequent non-musculoskeletal indications for

FDG-PET are fever and elevated erythrocyte sedimentation

rate of unknown origin. Besides, if nuclear medicine imaging

has been applied for non-rheumatological indications it may

occasionally provide additional information useful for the

rheumatologist. Non-musculoskeletal indications include all

assessments of organs involved in systemic rheumatic diseases,

including the central nervous system (e.g., for apoplectic insult),

the heart (e.g., for myocardial infarction) and the lungs (e.g., for

pulmonary embolism).

Fever or elevated erythrocyte sedimentation
rate of unknown origin

In 2017, from a systematic review with meta-analysis of

the literature until 2015 together with a DELPHI exercise to

evaluate the diagnostic yield of combined FDG-PET/CT in fever

of unknown origin it was concluded, that the pooled diagnostic

yield was 56%, with an estimated yield beyond conventional

CT of 32%, —which was considered as insufficient evidence to

support the value of FDG-PET/CT in investigative algorithms of

fever of unknown origin (32).

In 2018 then, using FDG-PET in a cohort of 240 patients

with fever or inflammation of unknown origin, diagnosis

could be established in 79.2% of the patients (33). AOSD was

diagnosed in 15.3% of patients with fever of unknown origin,

large vessel vasculitis and PMR in 21.1 and 18.3% of the patients

with inflammation of unknown origin, respectively, and IgG4-

related disease in 15.4 of the patients after fever or inflammation

of unknown origin.

Sarcoidosis

FDG-PET is usually not indicated for the assessment

of musculoskeletal manifestations, as sonography and other

imaging techniques are available. As FDG-PET, however, has

a role for functional imaging in sarcoidosis, and positive

pulmonary FDG-PET findings were shown to occur in two-

thirds of patients with radiographic stage II and III sarcoidosis,

occasional findings of arthritis may lead the patient to a

rheumatologist. Negative pulmonary FDG-PET findings were

common in patients with radiographic stage 0, I, and IV

sarcoidosis, but do not exclude inflammatory findings in the

musculoskeletal system (34).

Idiopathic retroperitoneal fibrosis

Diagnosis of idiopathic retroperitoneal fibrosis (iRPF) may

be difficult, but important to be differentiated from malignant

diseases. Therefore, FDG-PET was validated to distinguish

between iRPF and malignancies, and indeed iRPF displayed a

lower frequency of high-FDG-uptake retroperitoneal lesions and

a lower mean maximum standardized FDG-uptake value (35).

When combining the FDG-PET findings with the location of

specific lymph nodes at axillary, retroperitoneal, supraclavicular,

inguinal, or peritoneal sites, the area under the curve for

the logistic regression model combining the lesions above

renal arteries, a sensitivity of 90.5% and a specificity of

98.6% was reached for the maximum standardized uptake

value. The authors concluded that FDG PET/CT can help to

distinguish iRPF from retroperitoneal lymphoma andmetastatic

malignancy. During follow-up, persistent FDG uptake may help

to better stratify the risk of relapse and target therapy (36).

Conclusions

Nuclear medicine techniques are routinely used for the

assessment of large vessel vasculitis like GCA and TAK, for

diagnosis of rare metabolic bone diseases like Paget’s disease

and the assessment of salivary gland dysfunction in primary

Sjögren’s syndrome.

At present, FDG-PET is the nuclear medicine technique

most often used in rheumatology. Combined with CT, MRI or

angiography, it provides both functional and structural insights,

which can be important for diagnostic or follow-up purposes.

Also the use of FDG-PET in patients with fever or elevated

erythrocyte sedimentation rate of unknown origin may lead to

otherwise overseen rheumatologic diagnoses. Only rarely, FDG-

PET is applied for diagnosis of adult Still’s disease, sarcoidosis

and idiopathic retroperitoneal fibrosis. Other nuclear medicine

techniques may be more appropriate for assessment of specific

organ involvements in systemic rheumatic diseases.

Indeed, there are several research gaps for use of

nuclear medicine in rheumatology. First, sensitivity and

specificity of different nuclear medicine techniques are not

always well-established for each indication, especially for

the rarest of the rheumatic diagnoses. Therefore, larger,
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controlled, and investigator-blinded studies are needed for

further validation of existing tracers and development of more

specific new markers.
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protocol for a phase I trial
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Elisabeth Miot-Noirault1, Xavier Durando1,2,3,11 and
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Universitaire (CHU) Gabriel Montpied, Université Clermont-Auvergne, Clermont-Ferrand, France,
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Clermont Auvergne, Clermont-Ferrand, France, 10Département de Biopathologie, Centre Jean

PERRIN, Clermont-Ferrand, France, 11Département d’oncologie Médicale, Centre Jean PERRIN,

Clermont-Ferrand, France

Background: 99mTc-NTP 15-5 is a SPECT radiotracer targeting proteoglycans

(PG), components of the cartilaginous extracellular matrix. Imaging of PGs

would be useful for the early detection of cartilage disorders (osteoarthritis,

arthritis and chondrosarcoma, Aromatase Inhibitor associated arthralgia (AIA)

in breast cancer), and the follow-up of patients under treatment. According to

preclinical study results, 99mTc-NTP 15-5, is a good candidate for a specific

functional molecular imaging of joints. We intend to initiate a first in-human

study to confirm and quantify 99mTc-NTP 15-5 uptake in healthy joints.

Methods: As the clinical development of this radiotracer would be oriented

toward the functional imaging of joint pathologies, we have chosen to include

patients with healthy joints (unilateral osteoarthritis of the knee or breast

cancer with indication of AI treatment). This phase I studywill be an open-label,

multicenter, dose-escalation trial of a radiopharmaceutical orientation to

determine the recommended level of activity of 99mTc-NTP 15-5 to obtain

the best joint tracer contrasts on images, without dose limiting toxicity

(DLT). The secondary objectives will include the study of the pharmacology,

biodistribution (using planar whole body and SPECT-CT acquisitions), toxicity,

and dosimetry of this radiotracer. The dose escalation with 3 activity levels (5,

10, and 15 MBq/kg), will be conditioned by the absence at the previous level
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of DLT and of a visualized tracer accumulation on more than 80% of healthy

joints as observed on scintigraphy performed at ≤ 2 h post-injection.

Discussion: This first in-human phase I trial will be proof-of-concept of the

relevance of 99mTc-NTP 15-5 as a cartilage tracer, with the determination

of the optimal methodology (dose and acquisition time) to obtain the best

contrast to provide a functional image of joints with SPECT-CT.

Trial registration number: Clinicaltrials.gov: NCT04481230. Identifier in

French National Agency for the Safety of Medicines and Health Products

(ANSM): N◦EudraCT 2020-000495-37.

KEYWORDS

radiopharmaceutical-diagnostic use, cartilage, proteoglycan targeting, SPECT

imaging, phase I

Introduction

Biomechanical joint function depends on cartilage integrity.

For many years UMR 1240 INSERM has developed a nuclear

medicine imaging strategy targeting cartilage proteoglycans in

vivo, such as 99mTc-NTP 15-5. This radiotracer is a bifunctional

agent which contains in its structure a polyazamacrocycle

to complex 99mTc and a positively charged quaternary

ammonium (QA) function for binding to glycosaminoglycans

of proteoglycans, components of the cartilaginous extracellular

matrix (1). This radiotracer has emerged as a promising

candidate for single-photon emission computed tomography

(SPECT) imaging in nuclear medicine for specific, relevant,

and functional molecular imaging of cartilage (2, 3). When

intravenously administered to healthy rodents or lagomorph

animals, 99mTc-NTP 15-5 has been observed to accumulate

markedly within articular cartilage with high in vivo stability

(4, 5). The potential of the radiotracer to bind to cartilage has

also been confirmed ex vivo on human knee specimens (3). A

selective, intense accumulation was confirmed in cartilaginous

tissue. In addition, areas of deficit in tracer uptake were

clearly localized in anatomical areas of altered and eroded

Abbreviations: AD, absorbed dose; AIA, Aromatase inhibitor arthralgia;

AI, Aromatase inhibitors; ALP, Alkaline phosphatase; ALT, Alanine

aminotransferase; ANSM, French Agency for the Safety of Medicines

and Health Products; AST, Aspartate aminotransferase; CTCAE,

Common Terminology Criteria for Adverse Events; DMOAD, disease-

modifying osteoarthritis drugs; DLT, dose-limiting toxicity; ECG,

Electrocardiogram; fT3, free triiodothyronine; fT4, free thyroxine; GGT,

Gamma-glutamyl transferase; IDMC, Independent Data Monitoring

Committee; MIRD, Medical Internal Radiation Dose Committee;

NSAIDs, Non-steroidal anti-inflammatory drugs; PG, Proteoglycans; QA,

quaternary ammonium; SPECT-CT, Single Photon Emission Computed

Tomography/Computed Tomography; TRT, Targeted radionuclide

therapy; TSH, Thyroid-stimulating hormone; WBDC, Web-Based Data

Capture.

cartilage as seen in osteoarthritis specimens (3). Numerous

preclinical studies have shown its relevance in molecular

imaging of cartilaginous pathologies such as osteoarthritis

(2, 4), inflammatory disease (6), and chondrosarcoma (7).
99mTc-NTP 15-5 nuclear imaging was recently used in the

murine destabilization of medial meniscus models, to monitor

in vivo cartilage remodeling in response to disease-modifying

osteoarthritis drugs (DMOAD) (8). Diagnosis of cartilaginous

biochemical alterations could enable in vivo studies of joint

functionality (9), which cannot be evaluated by conventional

imaging techniques such as CT and MRI (10, 11). In addition,

these conventional imaging techniques have poor diagnostic

performances in early-stage osteoarthritis, which is a real

public health problem (12–15). Functional articular cartilage

imaging is of interest in joint treatment-related toxicities, such

as Aromatase Inhibitor-Arthralgia (AIA). Aromatase inhibitors

(AIs) are standard care for the adjuvant treatment of early

hormone-sensitive breast cancer. However from 20% to 50%

of women experience joint pain under AI treatment, with up

to 20% treatment discontinuation for this toxicity which can

compromise the effectiveness of these therapies (16, 17).

As the clinical development of this radiotracer would

be oriented toward the functional imaging of cartilage in

degenerative cartilage pathologies, we intend to carry out this

first clinical proof-of-concept study on this radiotracer among

patients (osteoarthritis and breast cancer) rather than among

healthy volunteers. The evaluation of this radiotracer in this

population (patients with unilateral osteoarthritis or patients

with breast cancer with an indication for adjuvant AI treatment)

will make it possible to verify: i) its binding to healthy joints,

and ii) specific conditions enabling an initial evaluation of

osteoarthritic joints.

This CARSPECT trial is thus a first in-human clinical study

designed to confirm tracer accumulation in healthy cartilage

joints. The main objective is to determine the recommended

dose (activity in MBq/kg) of 99mTc-NTP 15-5 to optimize

joint fixation contrast on scintigraphy acquisitions, avoiding
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FIGURE 1

Dose escalation plan of CARSPECT study.

any toxicity. The secondary objectives relate to pharmacology,

biodistribution, toxicity, and dosimetry evaluation. Differences

in tracer accumulation between healthy and degenerative joints

will also be assessed visually and quantitatively.

Methods and analysis

Study design

This “first in-human” phase I study is an open-label,

multicenter, dose-escalation trial on a radiopharmaceutical

tracer. The main objective is to identify, among three levels of
99mTc-NTP 15-5 activity, the recommended (accurate) dose to

detect tracer accumulation in a sufficient number of healthy

joints, avoiding any toxicity.

Dose escalation will include 3 activity levels: 5, 10, and 15

MBq/kg. The initial dose of 5 MBq/kg will be used as the first

level. The dose escalation scheme will allow dose escalations

of one level conditioned by the absence, at the previous

level, of dose-limiting toxicity (DLT) and the presence of

tracer accumulation in healthy joints appearing on scintigraphy

performed at ≤ 2 h post-injection (Figure 1). With a semi-

quantitative visual scale, a score of 3 for at least 80% of healthy

joints was chosen because it corresponds to a sensitivity of 80%,

considered sufficient for diagnostic imaging.

A maximum of 6 patients will be included in the study.

A maximum of 4 patients will be included per dose level.

The rule for termination will be that at least 2 patients have

received the recommended dose level, with one patient from

each group in the selected dose level. Recruitment will be

carried out alternately in each of the 2 groups (breast cancer

patients/osteoarthritis patients) as far as possible.

The recruitment period will be 24 months, with a follow-up

period of 1 week, for a total duration of 25 months.

Coordination and participating
institutions

The sponsor and body responsible for the coordination of

the trial, data management, monitoring, and statistical analyses

will be the Center Jean Perrin, Clermont-Ferrand.
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The multicenter study is currently based at 2 sites in

France: The University Hospital of Clermont-Ferrand and

Center Jean Perrin. Patients with osteoarthritis will be recruited

from the Rheumatology Department of the University Hospital

of Clermont-Ferrand and patients with breast cancer will be

recruited at the Jean Perrin Cancer Center. For all patients,

radiopharmaceutical injections will be performed at the Nuclear

Medicine Department of the Jean Perrin Cancer Center.

Study objectives and endpoints

Primary objective and endpoint

The objective of this phase I trial is to determine the

recommended dose (activity in MBq/kg) of 99mTc-NTP 15-5

corresponding to an optimal joint tracer contrast, analyzed on

a semi-quantitative visual scale.

The tracer accumulation observed (whole body imaging)

on healthy joints (according to clinical evaluation by

rheumatologist) (n = 31) of the wrists, elbows, shoulders,

lumbar, and spine joints, C6-C7, hips, knees, and ankles will be

scored on a semi-quantitative visual scale using three levels:

1. Lower level of fixation than the adjacent diaphyseal uptake,

2. Fixation level equal to the adjacent diaphyseal uptake,

3. Fixation level higher than the adjacent diaphyseal uptake.

The visual analysis will be performed by 2 nuclear physicians

with reconciliation of the results. In case of disagreement,

consensus will be reached via a joint reassessment.

For each patient, the ratio of the number of healthy joints

scored at level 3 to the total number of healthy joints studied

will be calculated.

The recommended dose will be defined as the dose at which

100% of patients present a score of 3 in at least 80% of healthy

joints as seen on scintigraphy performed at 2 h post-injection or

less, and without DLT. DLT is defined as any grade 3–4 toxicity

occurring in the week following the injection.

Secondary objectives and endpoints

The secondary objectives and the corresponding

endpoints are:

- Analysis of the impact of activity level and acquisition time

on tracer accumulation assessed by visual and quantitative

analysis. A 3D quantification will complete the semi-

quantitative visual analysis. SPECT Volumetric Regions

of Interest will be centered on 7 cartilaginous zones

(three lumbar discs, two hips, two knees) then on the

corresponding bony diaphyses or vertebral body or the

adjacent muscles. The articular uptake of 99mTc-NTP 15-5

will thus be normalized to bone or muscle uptake.

- Analysis of pharmacokinetics (including excretion),

biodistribution, and dosimetry of 99mTc-NTP 15-5; the

evolution of tracer activity/mL (AUC, Tmax and Cmax)

will also be measured on whole blood and on plasma in the

first 8 hours. Tracer urinary elimination over 8 h will be

measured by counting.

Whole body planar (2D) and SPECT (3D) acquisitions will

be performed for bio-distribution analysis and quantification

of absorbed doses of tracer in target and non-target organs

using a Monte-Carlo simulation and MIRD formalism (18).

The analysis of 99mTc-NTP 15-5 uptake intensity between

osteoarthritis joints and normal joints will be carried out using

visual methods and quantitative 3D analysis.

- The tolerance of 99mTc-NTP 15-5 will be evaluated

according to NCI-CTCAE (version 4.03). Tolerance

assessments will include clinical examination, recording

vital signs (heart rate, blood pressure, temperature,

respiratory rate), weight, height, and OMS performance

status; electrocardiogram (ECG); blood tests including

full blood counts, prothrombin time, sodium, potassium,

chloride, calcium, phosphorus, bicarbonate, serum total

protein, serum albumin, fasting blood glucose levels,

Thyroid-stimulating hormone (TSH), free thyroxine (fT4),

free triiodothyronine (fT3), creatinine, urea, Alkaline

phosphatase (ALP), Gamma-glutamyl transferase (GGT),

Aspartate amino transferase (AST), Alanine amino

transferase (ALT); 24-h urine collection tests: glucose,

urea, creatinine, albumin, sodium, potassium, magnesium,

calcium, and protein electrophoresis. Reporting of

serious adverse events and suspected unexpected serious

adverse reactions will be carried out according to the

local regulations.

Patients

Inclusion criteria

Inclusion criteria specific to group 1:

- Patients with painful unilateral osteoarthritis of the knee,

such as femorotibial pattern defined by a radiographic score

of 0/1 (Kellgren/Lawrence), and an averageWOMAC score

of 4 or more and by minor disorders on MRI (MOCART

2.0 score > 70).

Inclusion criteria specific to group 2:

- Patients with non-metastatic breast cancer, hormone

receptor-positive, HER2-negative, with indication for

adjuvant therapy with AI; treatment not yet started.

- Age < 60 years.
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Common inclusion criteria:

- Patients with at least 31 healthy joints (based on

clinical assessment).

- Signed written informed consent.

- Affiliation to a health insurance plan.

- For women of childbearing age (fertile, frommenarche and

to post-menopause unless sterile subsequent to surgery)

including patients under GnRH agonist for ovarian

suppression: negative serum pregnancy test at inclusion

(fewer than 7 days before injection of 99mTc-NTP 15-

5). Menopause is defined as amenorrhea for at least 12

consecutive months without other cause and a level of

FSH and estradiol consistent with levels of the post-

menopausal period.

- Willing and able to comply with study visits, treatment,

examinations, and the protocol.

Non-inclusion criteria

- Patients < 18 years of age.

- Pregnant or lactating patient.

- BMI > 30.

- History of known allergy to excipients present in the

solution of 99mTc-NTP 15-5.

- Chronic inflammatory rheumatism (rheumatoid arthritis,

spondyloarthropathy, psoriatic arthritis, etc.) diffuse

arthritis (at least 3 joints affected), autoimmune

connectivitis, fibromyalgia.

- Known chronic joint pathology: osteoarthritis affecting

at least 3 joints, autoimmune disease, inflammatory

rheumatism (except unilateral knee arthritis).

- Individuals deprived of their freedom, under

guardianship/curatorship, or under legal

protection measures.

- Treatment with NSAIDs or cessation under

48 h previously.

- Inability to comply with medical requirements/follow-up

of the trial for geographic, family, social, or psychological

reasons. These conditions should be discussed with the

patient before registration in the study.

Intervention

Study drug and administration
99mTc-NTP 15-5 is synthesized by radioactive

labeling with 99mTc of the chemical precursor NTP

15-5, N-[(3-triethylammonio)propyl]- 1,4,7,10,13-

pentaazacyclopentadecane, in presence of sodium pertechnetate

(19). The synthesis of the pharmaceutical grade NTP 15-5

cold precursor is manufactured in accordance with GMP (Eras

Laboratoire). The cold kit is manufactured in the experimental

radiopharmacy unit in the Jean Perrin Center, in the form of a

single-dose sterile kit.

The experimental drug is an injectable solution of 99mTc-

NTP 15-5with a molar activity greater than 2.5 GBq/µmol and

radiochemical purity required to be over 90%.

According to the dose escalation plan, a single injection of

5, or 10, or 15 MBq/kg of 99mTc-NTP 15-5 will be administered

by slow intravenous injection on D0 in the presence of a nuclear

medicine physician, without any premedication. Any treatment

with NSAIDs will be discontinued at least 48 h before injection

and can be resumed 24 h after injection. Prior and concomitant

treatments will be collected at baseline and throughout the study.

Study procedures and participant timeline

Before any study-related assessment starts, written

informed consent will be obtained from each patient. At

screening/baseline (within 15 days before administration of
99mTc-NTP 15-5), the patients will have a clinical evaluation

noting vital signs, ECG, a specialized consultation with a

rheumatologist, blood and urine tests, and a pregnancy test (for

women of childbearing age), and for patients with osteoarthritis,

an evaluation of osteoarthritis by MRI and X-ray dating from

less than 2 months prior.

After checking the eligibility criteria, a dose allocation

request will be performed using an eCRF.

The 99mTc-NTP 15-5 dose at an activity level of 5, or 10,

or 15 MBq/kg (according to the dose escalation plan), will be

injected on D0 with a follow-up of vital signs: before, and 5min,

10min, 15min, 30min, 1 h, 2 h, 4 h, and 6–8 h after the end

of infusion.

e In vivo biodistribution of 99mTc-NTP 15-5 will be

assessed using:

- Whole-body planar scintigraphy acquisition 30min, 2 h,

4 h, and 6–8 h after injection on D0; SPECT acquisitions at

1 h, 2.5 h, 4.5 h, and 6–8 h after injection on D0; Computed

Tomography will be carried out before the injection or at

the time of SPECT acquisition.

- Blood samples for the pharmacokinetic study will be

collected at 5min, 10min, 15min, 30min, 1 h, 2 h, 4 h, and

6–8 h post injection on D0. An 8-h urine collection will be

performed for excretion evaluation.

Patients will be followed for 1 week with a visit on D8 for

safety evaluation with clinical examination, vital signs, blood and

urine analyses, and ECG.

Statistical considerations

A maximum of 6 patients should be included.
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The number of subjects to be included takes into account

the population selected and makes it possible to validate the

hypothesis that healthy cartilage will present a significantly

higher fixation than the adjacent diaphyseal fixation. For each

patient, 31 observations (healthy joints) at 4 different times will

be available for the evaluation of the main objective.

The optimal level of activity will be chosen using the dose

escalation algorithm (Figure 1). The recommended dose will be

defined as the dose from which 100% of patients present a score

of 3 in at least 80% of healthy joints as observed on scintigraphy

performed 2 h post-injection or less, and without DLT. If more

than one time period (30min or 2 h) meets these conditions, to

choose the optimal time, we will perform a McNemar test where

the number (minimum 2 patients, providing n ≥ 62 healthy

joints) provides a power of 0.8, with an average effect size of 0.3

and an alpha risk of 0.05. For the moment, we do not have any

element enabling estimation of the correlation with each patient.

Due to the nature and the design of the study, statistical

analyses will be mainly descriptive. Missing data will not be

replaced. The statistical significance threshold is set at 5%.

Statistical analyses will be performed using R software.

Data management and monitoring

An eCRF based on the Web-Based Data Capture (WBDC)

system “Ennov Clinical” will be used for data collection, data

management, and monitoring. Health-related personal data

captured in the course of this study is strictly confidential and

accessible only by investigators and authorized personnel. The

investigator ensures the accuracy, completeness, and relevance

of the data recorded (pseudonymized patient data) and of the

provision of answers to data queries.

Compliance with the study protocol and the procedures

therein, and the quality of the data collected (accuracy, missing

data, consistency with the source documents) will be regularly

reviewed by on-site monitoring and central data monitoring.

Monitoring reports will ensure traceability.

Independent data monitoring committee

The IDMC will review all safety problems or other issues

identified during the medical review and seek advice as needed.

Experts in the IDMC performing this review will be selected for

their relevant clinical trial/medical expertise. The committee will

include a nuclear physician, a rheumatologist, and an oncologist.

Given the very small number of DLTs expected, the committee

will meet for each severe toxicity observed (grade≥ 3).

Trial status

The CARSPECT trial is currently recruiting. Participant

recruitment began in November 2020 with a 24-month

enrollment period and an estimated completion in December

2022. The approved protocol is version 5, 15 March 2022.

Discussion

The CARSPECT trial is the first in-human evaluation of
99mTc-NTP 15-5 as a cartilage imaging radiotracer. This proof-

of-concept study aims to confirm 99mTc-NTP 15-5 uptake in

healthy joints and to determine the recommended dose (activity

in MBq/kg) of 99mTc-NTP 15-5 to obtain the best joint fixation

contrast on scintigraphy acquisitions, avoiding toxicity.

As observed in preclinical studies, 99mTc-NTP 15-5 uptake

in healthy joints is expected to be intense, with high contrast

compared to adjacent diaphyseal uptake or adjacent vertebral

body. Our hypothesis is that at least 80% of the healthy joints

of a patient will significantly bind 99mTc-NTP 15-5 (taking into

account the resolution limits of the cameras).

Once this phase I trial is completed and the optimal

injected activity of 99mTc-NTP 15-5 validated, phase II

clinical trial will be designed to address clinical questions

in both degenerative/inflammatory and tumoral diseases.

Clinical development of a functional articular cartilage imaging

radiotracer such as 99mTc-NTP 15-5 should be of interest in

presence of pathological joints: osteoarthritis, arthritis, and

chondrosarcoma, and in clinical situations where drugs induce

severe articular cartilage toxicity, as with AI treatment in

breast cancer.

Functional imaging such as proteoglycan tracer scintigraphy

could be used to identify patient subgroups with PG altered

cartilage, for which joint prosthesis is expected to really improve

articular function and mobility. A recent preclinical study in

a murine destabilization of medial meniscus model, highlights

the potential of 99mTc-NTP 15-5 as an imaging-based

companion to monitor cartilage remodeling in osteoarthritis

and response to the disease-modifying osteoarthritis drug,

sprifermin (rhFGF-18), one of the most promising anabolic

agents that have demonstrated cartilage repair properties in

patients (8).

Further to this, in hormone-responsive early breast cancer,

arthralgia has been reported for up to 50% of women treated

with aromatase inhibitors, and this affects compliance and

thus the response to treatment (16, 17). Functional imaging

using 99mTc-NTP 15-5 could provide a better understanding of

the pathogenic mechanisms of arthralgia under AI and could

identify patients at risk and improve their management.

Given the affinity of QA for cartilage, QA derivatives

offer the possibility of an approach targeting cartilage in
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imaging, and also for therapies in joint diseases, serving

as carriers able to selectively deliver drugs. Preclinical

studies have demonstrated the possibility of using QA as

vector for D-glucosamine, and DMOAD (20), or anti-

inflammatory drugs (21) in arthritis treatment. Another

targeted therapy developed for chondrosarcoma uses

QA as a targeting strategy by addressing selectively to

chondrosarcoma cytotoxic drugs such as melphalan, an

alkylating agent (7). An interesting application of 99mTc-

NTP 15-5 imaging is as a “methodology companion” for

innovative therapeutic approaches to degenerative and

tumoral pathologies of the cartilage, using a proteoglycan

targeting strategy.
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Polymyalgia rheumatica (PMR) is an inflammatory disease affecting older

adults characterized by aching pain and morning stiffness of the shoulder

and pelvic girdles. Moreover, PMR can be associated with giant cell arteritis

(GCA). Generally, PMR is highly responsive to steroids, reaching complete

remission in the majority of cases. However, the possibility of occult diseases,

including extra-cranial GCA, should be excluded. 18F-fluorodeoxyglucose

positron emission tomography (18F-FDG-PET) is able to detect the presence

of peri-/articular or vascular inflammation, which may be both present in PMR,

thus representing a useful diagnostic tool, mainly in presence of extra-cranial

GCA. We retrospectively evaluated all consecutive patients who received the

diagnosis of PMR in our rheumatology clinic, classified according to the 2012

American College of Rheumatology/European League Against Rheumatism

(ACR/EULAR) criteria, in the period between April 2020 and May 2022. Among

this case series, we selected the patients who underwent 18F-FDG-positron

emission tomography (PET) because of the persistent increase of acute phase

reactants (APR) besides the steroid therapy. Eighty patients were diagnosed

with PMR. Nine out of them also presented arthritis of the wrists during

the follow-up, whereas none showed signs of cranial GCA at the diagnosis.

Seventeen out of eighty subjects (mean age 71.5 ± 7.5 years; M/F 2/15)

presented persistent increase of erythrocyte sedimentation rate (mean ESR

44.2 ± 20.8 mm/h) and/or C-reactive protein (mean CRP 25.1 ± 17 mg/l),

thus they underwent total body 18F-FDG-PET/CT. Large vessel 18F-FDG

uptake indicating an occult GCA was found in 5/17 (29.4%) cases. Twelve

out of seventeen (70.6%) patients showed persistence of peri-/articular
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inflammation, suggesting a scarce control of PMR or the presence of chronic

arthritis. Finally, in 2 cases, other inflammatory disorders were found, namely

an acute thyroiditis and a hip prosthesis occult infection. 18F-FDG-PET/CT in

PMR patients with persistent increase of APR is a useful diagnostic technique in

order to detect occult GCA, persistence of active PMR or other misdiagnosed

inflammatory diseases.

KEYWORDS

polymyalgia rheumatica, PET, giant cell arteritis, arthritis, inflammation

Introduction

Polymyalgia rheumatica (PMR) is an inflammatory disease
affecting adults older than 50 years characterized by aching pain
and morning stiffness of the shoulder and pelvic girdles. The
presence of elevated inflammatory markers is typical, but non-
specific for diagnosis; moreover no specific autoantibodies have
been found and rheumatoid factor is generally absent (1, 2).

Polymyalgia rheumatica is associated with tenosynovitis,
bursitis and, in a minority of cases, synovitis of proximal
large joints, that may be easily evidenced by means of
ultrasounds. For this reason, the 2012 European League Against
Rheumatism/American College of Rheumatology Classification
Criteria for PMR included the role of ultrasounds in identifying
subdeltoid or trochanteric bursitis, biceps tenosynovitis and/or
hip or glenohumeral synovitis (3).

Polymyalgia rheumatica may overlap with giant cell arteritis
(GCA) in about 20% of patients (4). The diagnosis of vasculitis
is easy in the case of cranial GCA, whereas the coexistence of
an extra-cranial GCA involving aorta and its main branches
could be frequently misdiagnosed because of the absence of
typical clinical features. In this case, the eventual presence
of large vessel inflammation requires the use of diagnostic
techniques such as the magnetic resonance imaging or, more
appropriately, the 18F-fluorodeoxyglucose positron emission
tomography-computed tomography (18F-FDG-PET/CT) (5, 6).
These imaging techniques are not included in the first line
check-up of PMR patients because of their high costs and
frequent logistic issues.

Generally, PMR is highly responsive to steroids, reaching
complete remission in the majority of cases. In clinical
practice, patients’ symptoms and the serum levels of acute
phase reactants (i.e., erythrocyte sedimentation rate, ESR, and
C-reactive protein, CRP) are considered to decide diagnostics
and treatment, including the possibility to investigate the
presence of an occult extra-cranial GCA (5–7). In this purpose,
the persistent elevation of ESR and/or CRP, besides the apparent
patients’ clinical response to steroid therapy, could justify the
indication to carry out second level diagnostic exams, such

as total body 18F-FDG-PET/CT, in order to identify an extra-
cranial GCA or to exclude other inflammatory occult disorders,
i.e., infectious diseases or neoplasms (6–9).

In this study, we aimed to analyze the clinical histories of a
cohort of PMR patients, dwelling on cases who carried out total
body 18F-FDG-PET/CT and focusing on the diagnostic findings.

Methods

We retrospectively evaluated the clinical records of all
consecutive patients affected by PMR, satisfying the 2012
EULAR/ACR classification criteria for this disease (3), who
referred our rheumatology clinics at the Azienda ospedaliera
per l’Emergenza “Cannizzaro,” Catania, and at the Policlinico
Universitario “P. Giaccone,” Palermo, Italy, in the period
between January 2020 and January 2022. Patients with PMR
associated with GCA at baseline were excluded.

The patients were treated with steroids, according to the
2015 EULAR/ACR recommendations for the management of
PMR (5). The starting dose of prednisone was within the range
of 12.5–25 mg/day that was tapered to 10 mg/day within 4–
8 weeks and then by 1 mg every 4 weeks until the end, if
remission was achieved.

All patients gave their informed consent to the study, which
was carried out in accordance with the ethical standards of 1964
Helsinki Declaration and its later amendments, and approved by
the local Ethical Committee.

Patients’ records included their complete clinical histories,
with demographic data, rheumatologic work-up and treatments,
in particular ESR and CRP results during the follow-up and
the findings of second level diagnostic exams (i.e., total body
PET), if performed.

In the purpose of this study, we selected only the cases
who underwent the total body PET because of the persistent
increase of ESR and/or CRP, despite the apparent favorable
clinical course using steroid therapy. In all subjects, the PET
was planned after 1 year of treatment, while the patients were
treated with low dose of steroids (≤6.25 mg of prednisone),
discontinuing its intake in the 3 days prior to the exam.
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TABLE 1 The polymyalgia rheumatica (PMR) patients (Pts) with increased acute phase reactants (APR), besides steroid therapy, who underwent
total body 18F-fluorodeoxyglucose positron emission tomography-computed tomography (18F-FDG-PET/CT).

Pts APR 18F-FDG uptake at PET/CT

Age/
sex

ESR
mm/h

CRP
mg/l

Vascular
sites

Peri-/articular
sites

Other
sites

Follow-up

74F 40 15 Shoulders and coxofemorals,
wrists

RA diagnosis; successful treatment with baricitinib
27 months long

72F 70 9 Thoracic aorta Right shoulder MTX 10 mg/week, plus TCZ 12 months later for
persistence of 18F-FDG aortic uptake at 2nd PET

64M 30 27 Shoulders and right knee MTX 15–20 mg/week, reaching clinical control (no
2nd PET)

80F 79 23 Right shoulder MTX 7.5 mg/week, reaching clinical control (no
2nd PET)

66F 16 10 Femoral aa. Shoulders and coxofemorals TCZ from 14 months, clinical control (no 2nd
PET)

61F 38 18 Shoulders and coxofemorals,
cervical and lumbar spinous
processes

MTX 10 mg/week, reaching clinical control (no
2nd PET)

71F 44 28 Wrists MTX not tolerated; the patient is
paucisymptomatic and she refused other
treatments

71M 73 10 Femoral aa. MTX 15 mg/week: asymptomatic but persistent
increase of APR; candidate to TCZ

78F 56 19 Femoral aa. Shoulders, knees, ankles MTX 15–20 mg/week, reaching clinical control (no
2nd PET)

68F 12 24 Shoulders, ankles MTX 10 mg/week, reaching clinical control (no
2nd PET)

56F 73 41 Thyroid Treated for acute thyroiditis

72F 33 18 Ischiatic tuberosities MTX 10 mg/week, reaching clinical control (no
2nd PET)

76F 41 12 Subclavian, axillary, and
carotid aa.

MTX 15 mg/week, reaching clinical control (no
2nd PET)

87F 55 19 Hip
prosthesis

Hip prosthesis infection, refuse of the replacement,
death after few months

78F 18 67 Shoulders and right coxofemoral Increase of steroid, refuse of other treatments

67F 44 24 Shoulders, ischiatic tuberosities Since MTX failure, TCZ prescription reaching
clinical control (no 2nd PET)

74F 29 63 Confirmation of MTX 15 mg/week

The table illustrates the sites with 18F-FDG uptake. Therapies and follow-up after positron emission tomography (PET) performance are also indicated for each patient. RA, rheumatoid
arthritis; MTX, methotrexate; TCZ, tocilizumab; aa., arteries.

Positron emission tomography findings were reported in
the clinical records, while the images were available using the
hospital software for instrumental diagnostics.

The PETs/CTs were performed using the tracer 18F-
FDG and a dedicated, commercially available PET/CT
scanner (Biograph Horizon 16, Siemens Healthcare GmbH,
Erlangen, Germany).

In each patient, 3.7 MBq/Kg of FDG was intravenously
administered after fasting for at least 4 h. Scans were conducted
from the middle of the thigh to the top of the skull 60 min after
FDG administration. 18F-FDG-PET/CT images were obtained
by integrated PET/CT scanner (Discovery ST; GE Medical
Systems, Milwaukee, WI, USA) or Biograph mCT (Siemens

Medical Solutions, Erlangen, Germany). All emission scans were
performed in three-dimensional mode and acquisition time
per bed position was 2.5 min for Discovery ST and 2 min
for Biograph mCT.

The PET reconstruction settings were subjected to CT-based
attenuation correction, using an ordered subset expectation
maximization (OSEM) algorithm.

The full-width at half-maximum values of the Discovery
ST and Biograph mCT were 5.2 and 4.4 mm, respectively.
A low-dose 16-slice CT (tube voltage 120 kV; effective tube
current 30–250 mA, Discovery ST) and a low-dose 16-slice CT
(tube voltage 120 kV; use of angular and longitudinal dose
modulation, CAREDose4D R©, Biograph mCT) from the skull
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FIGURE 1

Total body 18F-fluorodeoxyglucose positron emission tomography-computed tomography (18F-FDG-PET/CT) in a polymyalgia rheumatica
(PMR) patient with giant cell arteritis. The images show the involvement of the aorta: uptake of the thoracic aortic wall in maximum intensity
projection image (A) and transverse fused (PET and CT) slice (B).

base to the proximal thigh were performed for attenuation
correction, and for determining the precise anatomic location
of lesions before acquisition of PET images. CT scans were
reconstructed by filtered back projection into 512 × 512 pixel
images with slice thickness of 5 mm to match the PET scan.

Overall, the 18F-FDG-PET/CT study was conducted
according to the international procedural recommendations for
the study of patients affected by PMR and GCA (9).

All continuous variables are presented as mean ± standard
deviation (SD), after confirming their normal distribution
by means of the Kolmogorov–Smirnov test; categorical
variables are presented as a percentage value. The variables
were compared using the appropriate tests, in particular
subgroup proportions were compared by Fisher’s exact test.
P-values < 0.05 were considered statistically significant.

The statistical analysis was performed using NCSS 2007 and
PASS 11 software (Gerry Hintze, Kaysville, UT, USA).

Results

We retrospectively evaluated the clinical records of 80
consecutive PMR patients. None showed signs of cranial GCA
at the diagnosis or during the follow-up. Moreover, 9 out of 80
also presented arthritis of the wrists during the follow-up, but
not satisfying the classification criteria for rheumatoid arthritis.

Seventeen out of eighty (21.2%) PMR patients (mean age
71.5 ± 7.5 years; M/F 2/15) presented a persistent increase of
ESR (mean ESR 44.2 ± 20.8 mm/h) and/or CRP (mean CRP
25.1 ± 17 mg/l), thus they underwent total body 18F-FDG-
PET/CT (Table 1). These 17 cases were considered for this
study.

Large vessel 18F-FDG uptake indicating an occult GCA was
found in 5/17 (29.4%) cases (Figure 1), 6.2% of the entire cohort.
Twelve out of seventeen (70.6%) patients showed persistence
of peri-/articular inflammation (Figure 2), suggesting a scarce
control of PMR and the coexistence of chronic arthritis.

In 2 cases, other inflammatory disorders were found, namely
an acute thyroiditis in a 56 years old woman and a hip
prosthesis occult infection, with a subcutaneous abscess, in an
87 years old woman unable to walk. Finally, in the last case, a
woman 74 years old, PET/CT did not show significant 18F-FDG
uptake anywhere.

The presence of vasculitis did not correlate with age, sex,
ESR or CPR serum levels, or clinical PMR presentation at the
onset. Of interest, 3 out of 5 patients with GCA showed a
prevalent involvement of the femoral arteries (Figure 2).

Among the 12 patients with persistent peri-arthritis or
arthritis, the main pattern was the involvement of one or more
girdles: namely, both shoulders and both hips in 4 cases, only
shoulders in other 4 cases, just one shoulder in other 2 patients.
The remaining cases showed 18F-FDG uptake at the cervical
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FIGURE 2

Total body 18F-fluorodeoxyglucose positron emission tomography-computed tomography (18F-FDG-PET/CT) in a polymyalgia rheumatica
(PMR) patient with persistent articular inflammation in the ischial tuberosities (A) and right shoulder (B). Coronal slice in maximum intensity
projection showing the uptake at the shoulders and subtrochanteric bursae (C).

spinous processes in one subject, of the ischial bursae in another
one, and of the wrists in the last one.

In the majority of these cases (8/12), a modest level of pain
or joint limitation at the movement of the girdles were reported
in the clinical records, but these symptoms were not considered
clinically significant for active PMR. The other 4 subjects were
described as totally asymptomatic.

The low number of cases did not permit finding eventual
associations between the starting dose of steroids and the
persistence of peri-/articular inflammation.

In the follow-up, the 5 patients with new diagnosis of
GCA underwent treatment with tocilizumab. Instead, the 12
cases with persistent active PMR or arthritis were treated with
methotrexate, as steroid-sparing agent.

Discussion

In this retrospective study, about a fifth of PMR patients
treated with steroid therapy showed persistent increase of acute
phase reactants during the follow-up. After the 18F-FDG/CT
evaluation, a misdiagnosed GCA was diagnosed in about 6% of
cases, other occult inflammatory disorders in two cases, while
the majority of PET-positive patients showed the persistence of

peri-/articular inflammation associated with PMR. According to
these findings, PMR patients with persistent increase of acute
phase reactants should be considered resistant to steroid therapy
first, even though the patient’s feedback would indicate clinical
remission and despite the use of recommended dosages of
prednisone (5).

At the retrospective view of the clinical records, we found
that 8 out of 12 PMR patients who showed 18F-FDG uptake at
peri-/articular sites were not totally asymptomatic. However, the
modest entity of symptoms and the knowledge of confounders,
such as concomitant osteoarthritis, made it difficult to attribute
clinical relevance to those clinical signs. For this reason, the
persistent increase of acute phase reactants represented the
main cause to perform the total body 18F-FDG-PET/CT for
differential diagnosis. In the totally asymptomatic patients, 18F-
FDG-PET was considered an even more useful diagnostic exam,
in order to find eventual occult inflammatory disorders; this is
the case of extracranial GCA (6, 8, 9).

Furthermore, we could not find any correlation between
clinical features, lab tests and standardized uptake value (SUV)
values of 18F-FDG-PET. Indeed, we did not find significant
differences between patients as regards their symptoms
or ESR/CRP serum levels. However, it would be possible
that the small patient sample did not permit to evidence
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significant correlations between 18F-FDG-PET/CT findings and
clinical parameters.

Recent meta-analysis (10, 11) focused on the prevalence
of GCA in subjects who received the diagnosis of PMR.
Besides the relevant frequency of coexistence of these two
diseases, the authors underlined the high methodological
heterogeneity of the studies that evaluated GCA onset in
patients diagnosed with only PMR at baseline (as in the
present study). The main issue was that the clinical screening
for later development of GCA in PMR patients’ follow-up
was not performed systematically, leading to the risk of
underdiagnosis for extra-cranial GCA. The latter, involving
aorta and its main branches but not the superficial temporal
arteries, usually remains asymptomatic, with the exception
of the sign of systemic inflammation (i.e., fatigue, body
weight loss, anemia), which are highly non-specific. In fact,
it is hard to diagnose GCA without appropriate diagnostic
techniques, such as 18F-FDG-PET/CT. Therefore, clinical
awareness should be raised in the management of PMR
patients, in order to select subjects suitable for second level
diagnostics. In this purpose, the persistent increase of acute
phase reactants without any other plausible reason could
represent a useful clue to lead selected patients to second level
instrumental investigations.

Non-specific signs of systemic inflammation may be part of
the clinical presentation of a number of other diseases, including
cancer. PMR itself is considered a paraneoplastic syndrome,
especially when its onset and clinical course is atypical, such
as less or not responsive to steroids, asymmetrical, or with
inappropriately high acute phase reactants (12, 13). Therefore,
PMR diagnosis did not exclude a priori the coexistence of occult
neoplasms. Considering this possibility, total body 18F-FDG-
PET/CT represents a good diagnostic approach, permitting to
investigate in several directions contemporarily (14).

Systemic inflammation may be the expected consequence
of infections that should be excluded virtually whenever
serum levels of acute phase reactants were found
increased. However, the differential diagnosis is often
hard to make, in absence of clear signs of respiratory,
intestinal or genitourinary infections, even after the main
microbiological tests. In selected cases, total body 18F-
FDG-PET/CT represents a useful method of investigation
(15), as it happened in our case with occult infection
of the hip prosthesis. In particular, in our patient, the
pain at the passive hip external-rotation did not allow to
distinguish between PMR and other pathological causes,
therefore the 18F-FDG-PET/CT proved to be decisive in
addressing the diagnosis.

Up to date, glucocorticoids are the cornerstone of PMR
therapy (1–5), generally sufficient to obtain clinical remission.
However, several studies described PMR patients steroids-
resistant or that experienced a flare upon glucocorticoid
tapering (16, 17). In these cases, additional use of traditional

disease modifying drugs (DMARDs) to enforce the treatment
and as steroid-sparing therapy is generally considered. In the
case of GCA, the administration of tocilizumab, anti-IL6 agent,
may be indicated.

Recently, Marsman et al. (18) announced a multicenter
double-blind placebo controlled trial in order to investigate
the therapeutic role of methotrexate in PMR patients, as
well as its timing, dose and steroid-sparing capability. At
first, in our case series, all patients were not considered
resistant to steroid therapy, however, 8 out of 17 subjects
with persistent increase of acute phase reactants showed
mild symptoms presumably compatible with PMR. In these
cases, we decided to carry out total body 18F-FDG-PET/CT
in order to exclude extra-cranial GCA, before enforcing
therapy with methotrexate in the case of persistent peri-
/articular inflammation.

Our study has some limitations. It is a retrospective
study including a limited case series, thus it did not have
the statistical strength to give us indications as regards the
actual proportions of the phenomena described. However,
the study represented a real life experience of second level
rheumatology clinics. Moreover, our findings are suggestive
in order to raise relevant clinical issues and to trace future
lines of research.

In conclusion, the diagnosis of PMR could appear relatively
simple in everyday clinical practice. However, this rheumatic
condition could hide more severe diseases, particularly GCA.
In the absence of specific clinical signs, the diagnosis of
this vasculitis or other occult inflammatory disorders (i.e.,
infections or cancer) cannot be formulated without second
level instrumental investigations, such as using total body
18F-FDG-PET/CT. For this reason, physicians should be
aware of the potential significance of persistent high levels
of acute phase reactants in PMR patients, besides steroid
therapy. In our opinion, it would be necessary to design
multicenter large-cohort studies in order to focus on the
opportunity to carry out total body 18F-FDG-PET/CT in
selected PMR patients, by means of new tools such as a clinical
score (11).

The response of PMR to steroids is classically
considered brilliant, thus medium-low doses of
prednisone are recommended. Nonetheless, clinical
remission could not be so easily achievable in every
patient. Therefore, the possibility of persistence of
inflammation, however, subclinical, should be considered
and verified in the case of persistent high levels of acute
phase reactants.
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combined planar and
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of Tc-99m-diphosphonate bone
scan in correlation with
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markers of disease activity
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Niklaus Schaefer1, John O. Prior1 and Marie Nicod Lalonde1*
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Purpose: To investigate the emerging role of Tc-99m-labeled diphosphonate

(Tc-99m-DPD) uptake quantification by SPECT/CT in fibrous dysplasia (FD)

bone lesions and its correlation with biological bone turnover markers (BTMs)

of disease activity.

Materials and methods: Seven patients (49 ± 16 years) with a confirmed

diagnosis of FD were included in this retrospective study. Bone scans with Tc-

99m-DPD and quantitative SPECT/CT (xSPECT/CT) were performed. SUVmax

(maximum standard unit value) and SUVmean (mean standard unit value)

were measured in all FD bone lesions. The skeletal burden score (SBS)

was assessed on planar scintigraphy and multiplied by mean SUVmax and

SUVmean to generate two new parameters, SBS_SUVmax and SBS_SUVmean,

respectively. Planar and xSPECT/CT quantitative measures were correlated

with biological BTMs of disease activity, including fibroblast growth factor

23 (FGF-23), alkaline phosphatase (ALP), procollagen 1 intact N-terminal

propeptide (P1NP) and C-terminal telopeptide (CTX), as well as scoliosis

angle measured on radiographs. Statistical significance was evaluated with

Spearman’s correlations.

Results: A total of 76 FD bone lesions were analyzed, showing an average

SUVmax and SUVmean (g/mL) of 13 ± 7.3 and 8 ± 4.5, respectively. SBS,

SBS_SUVmax and SBS_SUVmean values were 30.8 ± 25.6, 358 ± 267 and
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220.1 ± 164.5, respectively. Mean measured values of FGF-23 (pg/mL), ALP

(U/L), P1NP (µg/L) and CTX (pg/mL) were 98.4 (22–175), 283.5 (46–735), 283.1

(31–1,161) and 494 (360–609), respectively. Mean scoliosis angle was 15.7

(7–22) degrees. We found a very strong positive correlation between planar-

derived SBS and CTX (r = 0.96, p = 0.010), but no significant correlation

between SUVmax or SUVmean and biological BTMs. SBS_SUVmax showed a

strong to very strong positive correlation with CTX (ρ = 0.99, p = 0.002),

FGF-23 (ρ = 0.91, p = 0.010), ALP (ρ = 0.82, p = 0.020), and P1NP (ρ = 0.78,

p = 0.039), respectively.

Conclusion: This study showed that biological BTMs are significantly

correlated with diphosphonate uptake on bone scan, quantified by a

new parameter combining information from both planar and quantitative

SPECT/CT. Further analysis of bone scan quantitative SPECT/CT data in a

larger patient population might help better characterize the skeletal disease

burden in FD, and guide treatment and follow-up.

KEYWORDS

fibrous dysplasia, SPECT/CT, scintigraphy, bone scan, quantitative imaging, bone
turnover markers

Introduction

Fibrous dysplasia (FD) is a benign, non-hereditary
congenital bone disorder caused by impaired osteogenesis
secondary to an activating somatic mutation in the GNAS gene,
leading to mutations in the alpha subunit of the Gs protein
(1, 2). FD is characterized by intramedullary fibro-osseous
proliferative lesions and may present in a monostotic (single
bone) or polyostotic (multiple bones) form, or as a feature of
two rare syndromes, namely the McCune-Albright syndrome or
the Mazabraud syndrome (1, 3). Symptoms of FD include bone
pain, fractures, bone deformities and neurological deficits (4).
Bone turnover markers (BTMs), namely alkaline phosphatase
(ALP), procollagen 1 intact N-terminal propeptide (P1NP)
and C-terminal telopeptide (CTX), have been used as markers
of disease activity, but serum levels may be influenced by
age, comorbidities and treatments, including bisphosphonates
and denosumab (2, 5, 6). FGF-23 is a phosphate-regulating
hormone overproduced in FD lesions which levels correlate
with the disease burden and can also be used as a biomarker
of disease activity (7). The skeletal burden score (SBS) derived
from planar 99Tc-methylene diphosphonate (99Tc-MDP) bone
scan evaluation has been validated as a reliable instrument for
measuring the global skeletal burden of FD, based on estimation
of the percentage of affected skeleton area on whole-body
images. However, SBS derived from 99Tc-MDP is limited as
it is a semiquantitative method based on two-dimensional
imaging (8). To overcome these limitations, Van der Bruggen
et al. proposed to quantify the skeletal burden in FD using

sodium fluoride PET/CT (9). Their study showed a strong
correlation of Na18F-PET/CT FD burden measurements
with biological BTMs and suggested a possible role of this
technique in treatment follow-up. The major limitation of
Na18F-PET/CT is its low availability and high cost, as opposed
to bone scintigraphy. Recently, technological advances enabled
to quantify 99mTc-DPD uptake in single-photon emission
computed tomography (SPECT) coupled with computed
tomography (CT) (xSPECT/CT, Symbia Intevo, Siemens
Healthineers, Erlangen, Germany). The xSPECT showed an
accurate activity recovery within 10% of the expected value for
objects > 10 mL, which is similar to PET/CT (10).

The aim of our study was to investigate the correlation
between Tc-99m-DPD xSPECT/CT uptake quantification of
FD bone lesions and biological BTMs and scoliosis, as a
complication of FD.

Materials and methods

Patient selection

Between 2016 and 2021, 17 patients with a confirmed
diagnosis of FD were treated in our Interdisciplinary Centre
for Bone Diseases at Lausanne University Hospital. Of these,
2 patients were excluded from this retrospective analysis
because they did not have bone scintigraphy and 8 because
they did not undergo quantitative SPECT/CT. Hence, our
final study population consisted of 7 patients: 2 males and
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5 females, with a median age of 59 years (range, 26–72
years), with confirmed diagnosis of FD based on histopathology
or as part of a clinical syndrome (Mazabraud or McCune-
Albright syndromes), available BTMs values and Tc-99m-
DPD xSPECT/CT images. We retrospectively collected clinical,
biological and radiological data from the patients’ hospital
medical records. The local Ethics Research Committee of the
State of Vaud approved the research protocol (CER-VD #2018-
01513). All patients participating in this study had signed an
institutional general consent for retrospective use of their data
in clinical research.

Biological bone turnover markers
measurements

Dosage of biological markers were performed on early
morning fasting blood samples. Results of the most recent
BTMs dosage in respect to bone imaging were used. ALP,
P1NP and CTX were measured in the central clinical routine
laboratory of the Lausanne University Hospital; intact FGF-23
was measured by ELISA (Kainos, Tokyo, Japan) at the Inselspital
(Bern, Switzerland). For P1NP and CTX premenopausal women
normal ranges are used as reference (P1NP: < 58.6 µg/L;
CTX: < 573 ng/L). Normal values are 36–120 UI/L for ALP, and
10–50 pg/mL for FGF-23.

Tc-99m-labeled diphosphonate
single-photon emission computed
tomography/computed tomography
acquisition and analysis

All patients underwent whole-body planar imaging with
low-energy high-resolution collimators, and a scanning speed
of 12 cm/min, followed by quantitative SPECT/CT (Symbia
Intevo, Siemens Healthineers, Erlangen, Germany) on regions
with high uptake on planar scintigraphy. The xSPECT was
acquired in average at 3 h and 22 min ± 31 min after intravenous
injection of 10 MBq/kg of 99mTc-DPD with a mean patient
dose of 798 ± 58 MBq. Images were acquired with 3 degrees
rotation/step and 12 s/projection with a 256 × 256 matrix.
Reduced-dose CT was acquired using 120 kV and 25 reference
mAs modulation (Siemens Care Dose, Symbia Intevo, Erlangen,
Germany). Images were reconstructed to generate xSPECT data
allowing SUVbw quantification on post-processed images and
measurement of SUVmax and SUVmean (g/mL) using xSPECT
reconstruction algorithm.

For each patient, the SUVmax and SUVmean of all FD
bone lesions visible on xSPECT and CT were measured with
a 42% thresholding and classified according to their location
in the axial or appendicular skeleton (Figure 1). All FD bone
lesions were visually assessed based on pathological high uptake,

excluding uptake due to degenerative changes. The SBS was
assessed on planar scintigraphy for all patients in consensus by
two nuclear medicine specialists (MJ and MNL) as described
by Collins et al., and SBS_SUVmax and SBS_SUVmean were
generated by multiplying SBS by mean SUVmax and SUVmean

of all lesions for each patient, respectively (8).
Scoliosis Cobb angles were measured using the

Carestream Vue PACS’s orthopedics workflow tool by a
musculoskeletal radiologist.

Statistical analysis

Continuous variables are reported as mean ± standard
deviation (SD) and range.

Categorical data were analyzed using Fisher’s exact test or
chi-squared test, as appropriate. For comparison of two groups,
the Student’s t-test was used when assumptions for parametric
tests were met; otherwise, the Mann-Whitney U-test was used.

Planar SBS and all xSPECT/CT quantitative measures were
correlated with biological BTMs of disease activity, including
FGF-23, ALP, P1NP and CTX, as well as with scoliosis angle
using Spearman’s correlation. Statistical analysis was performed
using STATA (version 14.0; STATA Corp., College Station,
Texas, USA). P-values less than 0.05 were considered as
statistically significant.

Results

Study population

Seven patients with confirmed FD, quantitative SPECT/CT
and BTMs dosage were retrospectively identified and included
in this study. They had been referred for evaluation of FD
confirmed on histopathological analysis (n = 6) and/or within
the spectrum of a known syndrome (n = 3, 1 McCune-Albright
syndrome and 2 Mazabraud syndromes). One patient with
McCune-Albright syndrome did not have histopathological
confirmation (Table 1). FD lesions were assessed on Tc-99m-
DPD xSPECT/CT in all 7 patients. All seven included patients
had a polyostotic form of FD. Four out of seven (57%)
patients had previously been treated with bisphosphonates.
A total number of 76 lesions for all patients were measured
on xSPECT/CT with a mean number of lesions per patient of
10.9 ± 9.6. No difference was observed in terms of distribution
of the 76 lesions between the axial (n = 50) and appendicular
(n = 26) skeleton (p = 0.273).

Biological bone turnover markers

Mean measured values of biological BTMs were: FGF-23,
98.4 ± 56.3 pg/mL (22–175); ALP, 283.5 ± 243.6 U/L (46–735);
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FIGURE 1

Forty-year-old male patient with Mazabraud syndrome: Mean SUVmax and SUVmean of 11 and 6.7 g/mL, respectively. SBS: 46.3, FGF-23: 175
(10–50 pg/mL), CTX: 531 pg/mL, P1NP: 383 (15–78 µg/L), ALP: 277 (36–108) U/L, scoliosis angle: 11 degrees.

TABLE 1 Patient characteristics.

Patient
number

Age
(years)

Sex Syndrome Lesion
location

Number of
analyzed lesions

Scoliosis
angle (degree)

Previous
fractures

Treatment

1 48 Female McCune-Albright Axial and
appendicular

10 22 Right 3rd, 6th,
and 7th ribs

Bisphosphonate
followed by
denosumab

2 34 Female – Appendicular 1 7 – –

3 26 Female – Axial and
appendicular

4 11 – Bisphosphonate

4 39 Male Mazabraud Axial and
appendicular

13 11 – –

5 62 Female Mazabraud Appendicular 5 21 – Bisphosphonate

6 72 Male – Axial and
appendicular

30 19 Right femoral
diaphysis

–

7 55 Female – Axial and
appendicular

13 19 – Bisphosphonates

P1NP, 283.1 ± 406.7µg/L (31–1,161); and CTX, 494 ± 90.5
pg/mL (360–609). Scoliosis was reported in all patients with a
mean angle of 15.7 ± 5.9 (7–22) degrees.

Quantitative Tc-99m-labeled
diphosphonate single-photon
emission computed
tomography/computed tomography

A total number of 76 FD bone lesions were analyzed,
showing a mean SUVmax and SUVmean of 13 ± 7.3 and
8 ± 4.5 g/mL, respectively. Mean SBS score was 30.8 ± 25.6.
Mean SBS_SUVmax and SBS_SUVmean were 358 ± 267 and

220 ± 165 g/mL, respectively. We found significantly higher
values of SUVmax and SUVmean in axial skeleton lesions
(14.5 ± 1.1 and 8.9 ± 0.6 g/mL, respectively) compared to
appendicular skeleton lesions (10 ± 1.2 and 6.2 ± 0.8 g/mL,
respectively) (p = 0.010 and p = 0.013, respectively).

Correlations between bone turnover
markers and imaging quantification

Spearman correlations results are shown in Table 2. We
found a very strong positive correlation between planar-derived
SBS and CTX (ρ = 0.96, p = 0.01), a statistical trend for a positive
correlation with FGF-23 (ρ = 0.81, p = 0.053) and ALP (ρ = 0.79,
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TABLE 2 Correlations between bone scintigraphy quantitative measures and biological bone turnover markers of disease activity and
scoliosis angle.

Spearman correlations
(ρ, CI, p-value)

SUVmax SUVmean SBS SBS_SUVmax SBS_SUVmean

FGF-23 (0.28, –0.69–0.89, 0.585) (0.29, –0.68–0.89, 0.581) (0.81, –0.02–0.98, 0.053) (0.91, 0.40–0.99, 0.010) (0.91, 0.36–0.99, 0.013)

ALP (0.01, –0.81–0.81, 0.994) (0.01, –0.81–0.81, 0.997) (0.79, –0.05–0.98, 0.060) (0.82, 0.25–0.99, 0.020) (0.88, 0.26–0.99, 0.019)

P1NP (0.04, –0.73–0.77, 0.928) (0.06, –0.73–0.77, 0.901) (0.69, –0.14–0.95, 0.089) (0.78, 0.06–0.97, 0.039) (0.78, 0.07–0.97, 0.028)

CTX (0.13, –0.85–0.91, 0.837) (0.18, –0.84–0.92, 0.772) (0.96, 0.50– 0.99, 0.010) (0.99, 0.83–0.99, 0.002) (0.99, 0.85–0.99, 0.001)

Scoliosis angle (0.33, –0.56–0.87, 0.472) (0.36, –0.52–0.88, 0.432) (0.58, –0.31–0.93, 0.168) (0.62, –0.25–0.94, 0.137) (0.63, –0.24–0.94, 0.133)

CI, Confidence interval; SUV, Standard uptake value; SUVmax, maxium Standard Uptake Value; SUVmean, mean Standard Uptake Value; SBS, Skeletal Burden Score; SBS_SUVmax, SBS
score multiplied by SUVmax; SBS_SUVmean, SBS score multiplied by SUVmean; FGF-23, Fibroblast growth factor 23; ALP, Alkaline phosphatase; P1NP, Procollagen 1 intact N-terminal
propeptide; CTX, C-terminal telopeptide.

FIGURE 2

Correlations between SBS_SUVmax and FGF-23, ALP, P1NP and CTX.

p = 0.060) but no correlation with P1NP (ρ = 0.69, p = 0.089). No
significant correlation was found between SUVmax or SUVmean

and biological BTMs. Combining both SBS and SUV increased
the strength of the correlations: SBS_SUVmax and SBS_SUVmean

showed a strong to very strong positive correlation with CTX
(ρ = 0.99, p = 0.002 and ρ = 0.99, p = 0.001), FGF-23 (ρ = 0.91,
p = 0.010 and ρ = 0.91, p = 0.013), ALP (ρ = 0.82, p = 0.020 and
ρ = 0.88, p = 0.019), and P1NP (ρ = 0.78, p = 0.039 and ρ = 0.78,
p = 0.028), as shown in Figure 2. There was no correlation
between bone scan quantitative measures and scoliosis angle. No

significant correlation was found between SUVmax or SUVmean

of axial skeleton FD lesions with scoliosis angle (ρ = 0.33,
p = 0.472 and ρ = 0.36, p = 0.432, respectively).

Discussion

In this study, we propose a novel approach to quantify
the FD disease burden on Tc-99m-DPD bone scan
using a combination of planar and absolute SPECT/CT
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quantification by multiplying the well-known SBS score
by the average SUVmax and SUVmean values of the
patient’s FD lesions, leading to a disease-extension-
corrected SUV value, which we termed SBS_SUVmax and
SBS_SUVmean, respectively. We showed that SBS_SUVmax

and SBS_SUVmean improved the correlation of bone imaging
with disease activity as compared to SBS and SUV values
alone: correlations between the results of this combined
quantitative bone scan approach and biological activity as
assessed by BTMs were strong to very strong and highly
statistically significant.

To differentiate monostotic from polyostotic forms of
FD and to evaluate the disease extent, patients with FD
routinely undergo a Tc-99m-diphosphonate bone scan as
recommended by current guidelines (11). Collins et al.
have developed and validated the SBS, which is derived
from a weighted score based on the estimation of the
amount of FD lesions in anatomical segments on bone
scintigraphy (8). The SBS correlated positively with BTMs,
such as ALP, bone-specific ALP, osteocalcin, pyridinium
cross-links, deoxypyridinoline cross-links, and N-telopeptide
(8). However, this score has its limitations as it remains
semiquantitative and is unable to quantify bone turnover
activity within individual FD lesions, which may be of
clinical relevance. 18F-NaF-PET/CT overcomes this limitation
by allowing single lesion bone turnover quantification (12).
Van der Bruggen et al. demonstrated that 18F-NaF-PET/CT
SUV thresholds could discriminate healthy bone from FD
lesions (9). In addition, their study showed a strong relationship
between serum markers of bone formation and measurements
of FD burden by 18F-NaF-PET/CT. Whereas SBS is not
influenced by medical treatment, total lesion fluorination
was higher in patients at baseline than in patients treated
with biphosphonates, implying a potential role for Na18F-
PET/CT in treatment response assessment (9). Papadakis
et al. also investigated the role of 18F-NaF-PET/CT in
FD skeletal burden assessment, and showed that BTMs,
including ALP, N-telopeptides, and osteocalcin, were strongly
correlated with total volume of all 18F-NaF-positive FD
lesions. These authors also found a very strong correlation
between SBS derived from 18F-NaF PET/CT and 99mTc-
MDP scintigraphy (13). The drawback of 18F-NaF PET/CT
is that it is not reimbursed in many countries and/or not
readily available, constituting an obstacle to its use in routine
clinical practice.

Recently, absolute quantification of bone scintigraphy has
become available and has been the subject of several studies.
For example, Yamane et al. showed in a pediatric population
that SUV was higher at the epiphyseal plates of children
under 15 years of age compared to older subjects, consistent
with higher osteoblastic activity (14). Another study in an
adult population showed a significant difference in quantitative
99mTc-DPD uptake on bone xSPECT/CT between prostate

cancer bone metastases and spinal and pelvic osteoarthritic
changes, with higher SUVmax and SUVmean in metastases
(15). Therefore, the quantification of radiotracer uptake on
bone scan might help differentiating between benign and
malignant pathologies or other rheumatological disorders
with high bone turnover, which needs to be confirmed by
prospective studies.

To the best of our knowledge, our study is the first
to report the absolute quantification of 99mTc-DPD uptake
on xSPECT/CT in FD. We introduced new quantitative
parameters, SBS_SUVmax and SBS_SUVmean, to evaluate the
disease burden. The main motivation for this quantitative
model was to optimize the information extracted from bone
scintigraphy combining both the overall disease activity assessed
by SBS on a whole-body basis and the degree of tracer
uptake assessed by mean SUV measurements of lesions in the
xSPECT/CT field of view, as xSPECT/CT was not acquired
on the whole body.

In our study, SBS alone correlated only with CTX, with a
statistical trend toward a positive association with FGF-23 and
ALP, while SUVmax and SUVmean did not correlate with any
BTMs. In contrast, SBS_SUVmax and SBS_SUVmean correlated
with all four BTMs. Multiplying mean SUVmax and SUVmean of
all lesions on xSPECT/CT by SBS could allow a more accurate
characterization of bone turnover and disease activity in FD.
The advantage of this quantification method is that bone scan
is widely available and SPECT/CT quantification methods are
increasingly implemented with new gamma cameras.

Finally, 18F-FDG PET/CT has also been studied in FD
and has shown a significant role in detecting malignant
transformation of FD and optimizing patient management
strategies in a complementary manner to 99mTc-MDP
SPECT/CT (16). Therefore, quantification of bone scintigraphy
may increase the accuracy of SPECT/CT in predicting disease
activity, allowing this modality to remain competitive in the
era of novel multimodal imaging, with particular potential as
a biomarker for assessing disease activity and for monitoring
treatment response.

This is a preliminary retrospective study, and thus its
main limitation is the small number of patients included.
However, the relatively large number of FD lesions analyzed
increased the accuracy of the bone scan scores calculated for
each patient. Further analyses of larger patient populations
are needed to confirm the observed correlation between bone
scintigraphy quantification and biological BTMs. In this study,
SUV thresholding was used with a standard level of 42%,
limiting reproducibility issues. However, an optimized approach
to lesion delineation should be evaluated in larger future
studies and compared with a standard fixed-level thresholding
approach. In our study, the values of the scintigraphic
quantitative measures did not correlate with the scoliosis angle.
Interpretation of this observation remains limited as the range
of scoliosis angles measured in our population was low.

Frontiers in Medicine 06 frontiersin.org

93

https://doi.org/10.3389/fmed.2022.1050854
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/


fmed-09-1050854 November 21, 2022 Time: 18:9 # 7

Jreige et al. 10.3389/fmed.2022.1050854

Conclusion

This preliminary study showed a significant correlation
between biological BTMs of disease activity and diphosphonate
uptake on bone scan, quantified by a new parameter
combining information from both planar and quantitative
SPECT/CT. This approach could become the routine technique
for clinical assessment of skeletal burden in FD due to
its widespread availability. Further analysis of bone scan
quantitative SPECT/CT data might help better characterize
the skeletal disease burden in FD, and its role in guiding
treatment and follow-up.
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18F-Labeled Fluorodeoxyglucose-Positron Emission Tomography (18F-FDG

PET) is a molecular imaging tool commonly used in practice for the

assessment of many cancers. Thanks to its properties, its use has been

progressively extended to numerous inflammatory conditions, including

chronic inflammatory rheumatism (CIR) such as rheumatoid arthritis (RA),

spondylarthritis (SpAs) and polymyalgia rheumatica (PMR). 18F-FDG PET is

currently not recommended for the diagnostic of CIRs. However, this whole-

body imaging tool has emerged in clinical practice, providing a general

overview of systemic involvement occurring in CIRs. Numerous studies have

highlighted the capacity of 18F-FDG PET to detect articular and extra articular

involvements in RA and PMR. However, the lack of specificity of 18F-FDG

limits its use for diagnosis purpose. Finally, the key question is the definition

of the best way to integrate this whole-body imaging tool in the patient’s

management workflow.

KEYWORDS

18F-FDG, PET, rheumatoid arthritis, spondylarthropathy, polymyalgia rheumatica

Introduction

Positron Emission Tomography (PET) is a whole-body, non-invasive, and highly
sensitive imaging modality based on the detection of radiolabeled vectors of interest.
During the last 20 years, PET using 18F-fluoro-deoxy-glucose (18F-FDG), an analog of
glucose radiolabeled with Fluor 18 (18F), has become a key imaging tool to diagnose,
stage, and monitor many cancers in practice. Exploiting the metabolic properties of
activated cells, the use of 18F-FDG has been progressively extended to numerous
inflammation and infection disorders (1). A recent report from the European league
Against Rheumatisms (EULAR) highlighted the heterogeneity of the availability to PET
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imaging for rheumatologic purpose across 25 European
countries (2), which is currently dominated for the diagnosis
of large vessel vasculitis (LVV) (3, 4) or to investigate
fever of unknown origin (5). EULAR has provided official
recommendations for the use of imaging in LVV, rheumatoid
arthritis (RA) and spondylarthritis (SpAs) in clinical practice
(2, 3, 6). While the use of PET modality is clearly defined only
for LVV (3), 18F-FDG PET applied to chronic inflammatory
rheumatisms (CIR) has concretely emerged in clinical practice
(7, 8) (Figure 1 and Table 1). In this context, the choice
of the best imaging modalities in patients with suspected
CIRs – and the place of PET-CT in this strategy - arises
at several stages of the management: to establish a positive
diagnosis, to eliminate a differential diagnosis and in particular
an infectious or para-neoplastic cause and finally to monitor the
response to treatment.

The aim of this short review is to summarize the evidence-
based literature on the benefits of 18F-FDG PET imaging in
patients with CIR, focusing on rheumatoid arthritis (RA),
spondyloarthritis (SpA) and polymyalgia rheumatica (PMR).
Promising other radiotracers of interest in this field will
also be discussed.

18F-FDG PET in rheumatoid arthritis

Rheumatoid arthritis is the most frequent CIR affecting 0.3–
0.5% of the general population (9, 10). RA is characterized by
an inflammation of synovial membrane (synovitis) resulting
in bone erosion. The frequency of systemic manifestations
seems to be decreasing apart from pulmonary involvement
which affects about 20% of patients (11). According to the
ACR/EULAR 2010 classification criteria (12), the diagnosis is
based on clinical presentation and biological criteria [Acute-
phase reactants, anti – cyclic citrullinated peptide2 antibodies
(ACPA2) and/or rheumatoid factor (RF)]. Imaging by X-ray is
required to look for structural damage (joint erosions).

Abbreviations: 18F-FDG PET-CT, 18F-labeled fluorodeoxyglucose-
positron emission tomography/computed tomography; CIR, chronic
inflammatory rheumatism; RA, rheumatoid arthritis; SpAs, spondylarthris;
PMR, polymyalgia rheumatica; ACPA2, anti – cyclic citrullinated peptide2
antibodies; RF, rheumatoid factor; SUVmax, maximum standardized
uptake value; DAS28 CRP, Disease activity score 28 C – Reactive Protein;
SJC, Swollen joint count; TJC, Tender Joint Count; CVD, cardiovascular
diseases; RLDA, Remission or low disease activity; MHDA, Moderate
or high disease activity; AS, ankylosing spondylitis; SAPHO, Synovitis –
Arthritis – Palmoplantar pustulosis - Hyperostosis – Osteitis syndrome;
SIJ, sacroiliac joint; MLBP, mechanical low back pain; BASDAI, Bath
Ankylosing Spondylitis Disease Activity Index; BASFI, Bath ankylosing
spondylitis functional index; ROC, Receiver Operating Characteristic
Curve; MRI, Magnetic resonance imaging; AUC, Area Under the Curve;
SpA, Spondylarthritis; TNFi, TNF inhibitors; PMR, Polymyalgia rheumatic;
GCA, giant cell arteritis; LVV, Live vessel vasculitis; RS3PE, remittive
symmetrical seronegative synovitis with pitting edema; ICIs, immune
check point inhibitors; irAes, immune-related adverse events; RMDs,
Rheumatologic and Musculo-skeletal Disorders.

Although 18F-FDG PET is not currently validated in this
case, PET molecular imaging has demonstrated its diagnostic
value in atypical and challenging cases. Bhattarai et al. (13)
reported good performance of 18F-FDG PET combined with
computed tomography (PET-CT) to discriminate 18 RA from
17 non-RA patients (SAPHO syndrome, IgG4 arthritis, psoriatic
arthritis and non-specific arthritis). Compared to non-RA
patients, RA patients had significantly higher metabolic visual
score defined by the sum of the maximum standardized uptake
value of each joint (shoulders, elbow, wrist, hip, knee, and
ankle). In the same way, Yamashita et al. (14) demonstrated
significant differences of 18F-FDG uptake on ischial tuberosity,
great trochanter, spinous process, vertebral body and sacroiliac
joint between RA, PMR, and SpA patients. Recently, Wang
et al. (15) demonstrated that 18F-FDG PET could discriminate
54 suspected RA (n = 23) from PMR (n = 31) patient,
based on interspinous uptake combined with rheumatoid
factor (AUC = 0.892).

Concerning the assessment of disease activity, Lee et al.
investigated 91 active and mainly treatment-naïve RA with a
mean Disease activity score of 28, C – Reactive Protein (DAS28
CRP) of 6.4. While univariate analyses showed correlations
between PET-positive joint and clinic-biological symptoms
(the swollen joint and Tender Joint Counts, DAS28 CRP
and Erythrocyte sedimentation rate), multivariate analyses
confirmed a positive correlation between PET positive joint
and DAS28 ESR and patient’s global disease score. Beckers
et al. (16) supported these result and further demonstrated
relationship between 18F-FDG PET and ultrasonography to
detect inflamed joints. However, the use of PET-CT for this
purpose of monitoring response to therapy in RA patients is not
sound in clinical practice. The gold standard should be clinico-
biological follow-up by DAS28 score and structural follow-up
by X-ray.

As a prognosis marker in RA, few 18F-FDG PET studies have
shown positive results. Roivainen et al. (17) have assessed the
early predictive value of 18F-FDG PET in RA patients treated by
Methotrexate/Salazopyrine/Hydroxychloroquine tri-therapy. In
17 RA patients, 18F-FDG-PET was performed at baseline, 2
and 4 weeks after the initiation of treatment. Interestingly, a
decrease of disease activity on PET after 2 and 4 weeks of
treatment correlated with DAS28 and CRP at 12 weeks. Elzinga
et al. (18) supported these preliminary results with Infliximab, a
monoclonal inhibitor of TNF, by showing a correlation between
the early PET changes at 2 weeks and DAS28 at 14 and 22 weeks.
Same performance was also reported with Tocilizumab, an
interleukine – 6 inhibitor (19). To note, Bouman et al. did
not supported this prognosis value in RA patients with low
disease activity treated by TNF inhibitors (20). Again, the
clinical usefulness arises. It would be useful to evaluate the
economic cost and benefit-risk balance of performing 2 PET
scans a few weeks apart in patients versus conventional clinical-
biological monitoring.
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FIGURE 1

SpA and PMR: typical but non-specific periarticular patterns of 18F-FDG uptake at the individual whole-body level. In both SpA (A,B) and PMR
(C,D), typical increase of 18F-FDG uptake is frequently observed in the scapular and pelvic girdles as illustrated here, but also at sterno-clavicular
joints and interspinous processes. In both CIR, peripheric articular involvement (knees) may also be observed. Typical 18F-FDG PET findings are
thus non-specific at the patient level.

Finally, the holistic nature of 18F-FDG as a biomarker of
cellular metabolic activity makes 18F-FDG PET an intrinsic
“swiss-knife” to evaluate multidimensional aspects of the same
disease, even at a subclinical level. Due to vascular wall and/or
systemic chronic inflammation condition, RA patients had an
increased risk of cardiovascular diseases (CVD) (21, 22), up
to 2–3-fold excess of mortality in comparison with general
population (23). In their recent study, Geraldino-Pardilla et al.
(22) showed in 91 RA patients without clinical evidence of
CVD a significant relationship between 18F-FDG PET vascular
uptake of the aortic wall and both CVD risk factors (arterial
hypertension and body mass index) and RA disease features
(rheumatoid nodules and Disease activity score) (22). In the
same way, Trang et al. (24) showed in 64 RA patients increased
18F-FDG uptake of the aortic wall after 6 months of biologic
therapies (TNF inhibitors, IL6 blockers and Ig CTLA4), even
in RA patients with low disease activity or in clinical remission.
Moreover, Amigues et al. reported subclinical myocardial 18F-
FDG uptake in 39% of their 119 RA patients without known
CVD (25). For 8 patients requiring an step-up of their treatment,

the longitudinal follow-up showed substantial decrease of
myocardial 18F-FDG uptake over 6 months, together with the
clinical disease activity index. In a controlled study including 33
RA and age/gender matched controls with neither RA nor CVD,
a significant correlation between synovial (acromioclavicular
and acetabulo-femoral joints) and aortic 18F-FDG uptake
was observed only in the RA group (26). These results are
interesting. Nevertheless, it would be necessary to define the
pathological value of vascular abnormalities in RA patients and
to be able to determine whether their detection should result in
therapeutic intervention.

In summary, there are abnormalities specific to RA on PET
CT. However, it is not clear whether this examination has a place
in the diagnostic or follow-up strategy of patients.

18F-FDG PET in spondylarthritis

Spondylarthritis is a composite spectrum of rheumatism
disorders sharing common clinical and genetic features,
including ankylosing spondylitis (AS), reactional arthritis,
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TABLE 1 Characteristics of 18F-FDG PET-CT in RA, SpAs, and PMR.

Rheumatoid arthritis Spondylarthritis Polymyalgia rheumatica

Positive diagnosis 18F-FDG uptake on peripheral joint (shoulder,
elbow, wrist, hip, knee, ankle)

Specific but rare 18F-FDG uptake on sacro
iliitis.

Bilateral and symmetric 18F-FDG uptake on
gleno humeral, great trochanter, ischial
tuberosities, sterno-clavicular joint and
spinous process
Similar FDG uptake for PMR-like irAEs

Differential diagnosis Good discriminative performance for other
RMDs;

Good discriminative performance for
malignancies, infectious and mechanical back
pain.
Similarities between SpA and PMR requiring a
composite score to discriminate both entities.

Good discriminative performance for certains
RMDs, malignancies, paraneoplastic PMR-like
syndrome and infectious.
Similarities between SpA and PMR requiring a
composite score to discriminate both entities.

Associated diseases • Inflammation of the aortic wall
Possibly correlated with CVD risk factors.
Non-clear effect of the treatment and disease
activity on the outcome of the inflammation.
• Detection of subclinical myocardial
inflammation
Correlated with disease activity

LVV:
• Official recommendation for suspicion of
GCA isolated or associated with PMR
• Good performance for the detection of
subclinical GCA in patients with isolated
symptoms of PMR

Treatment outcome Good correlation between 18F-FDG PET-CT
and disease activity (DAS28, acute phase
reactant, patient’s global assessment,
ultrasound)

One study: No correlation between clinical
report disease activity (BASDAI, BASFI) and
18F-FDG PET-CT.
Require more data.

Not relevant neither for monitoring treatment
response nor disease activity.

Other tracers Zirconium-89 (B-cell target)
[11C](R)PK11195 (macrophages target)

18F-Na, 18F-fluoride PET (osteoblastic activity)

RMD, Rheumatic Musculo-skeletal diseases; AS, ankylosing spondylarthritis; BASDAI, Bath Ankylosing Spondylitis Disease Activity Index; BASFI, Bath ankylosing spondylitis functional
index; irAEs, immune related adverses events.

arthritis associated to bowel inflammatory diseases, psoriatic
arthritis, undifferentiated SpA and Synovitis – Arthritis –
Palmoplantar pustulosis - Hyperostosis – Osteitis syndrome
(SAPHO). SpA affects 0.2 to 0.3% of the general population
and typically concerns young males below 40 years old.
Musculoskeletal manifestations include pelvic and axial
inflammatory pain, peripheral joint involvement and enthesis
(27). SpA had no specific biologic marker contrary to RA.
Conventional radiography and ultrasonography typically lack
of sensitivity (28). Magnetic resonance imaging (MRI) remains
the gold standard to assess spine and sacroiliac joint (SIJ), SIJ
involvement being critical according to the diagnostic criteria of
the 2009 Assessment of Spondyloarthritis international Society
classification (29).

Despite the lack of clinical validation, 18F-FDG PET-CT
showed interesting results as a diagnostic tool in SpA (Figure
2). In a challenging clinical context mixing 21 SpA, 16 RA
and 16 PMR patients, Yamashita et al. found higher 18F-FDG
uptake in sacroiliac joint of SpA patients compared to other
CIR (14). To note, only 60% of the sacroiliitis diagnosed with
MRI were identified on PET-CT, and no inter-groups difference
of 18F-FDG uptake was observed for the other joints (ischiatic
tuberosity, greater trochanter, spinous process, and vertebral
body). These data are supported by Strobel et al. (30) who
found moderate diagnostic performance of 18F-FDG PET-CT
to detect sacroiliitis in 28 patients with active AS (n = 15)
or mechanical low back pain (MLBP, n = 13), especially for

grades II (localized erosions or scleroses, no alteration in the
joint width, Se = 40%) and IV (ankylosis, Sen = 50%). Recently,
Pean de Ponfilly-Sotier et al. (31) evaluated 18F-FDG PET-CT
in a particular population of 27 atypical SpA mixing late onset
SpA patients, patients refractory to TNF inhibitors and/or with
general manifestations. In this specific challenging population,
18F-FDG PET-CT showed rare but higher 18F-FDG uptake
in SIJ compared to PMR patients. Other 18F-FDG uptake
locations (ischial tuberosity, great trochanter, hips, shoulders,
interspinous process) were significantly associated with PMR.
At the patient level, 18F-FDG PET could not discriminate PMR
from atypical SpA (Figure 1). In another study by Toussirot et al.
(32), 18F-FDG PET-CT demonstrated a good concordance with
MRI to detect sacroiliitis and spinal inflammatory lesions in AS.
However, in non-radiographic axial SpA patient, 18F-FDG-PET-
CT showed no metabolic activity and did not seem to be helpful
in this specific population, suggesting 18F-FDG PET-CT to be
relevant in patients with active SpA. In summary, PET CT may
have value in the diagnostic approach to atypical presentations
in patients with suspected SpA.

Monitoring the disease independently from the self-
reported clinical score Bath Ankylosing Spondylitis Disease
Activity Index (BASDAI) and Bath ankylosing spondylitis
functional index (BASFI) remains an important issue in SpA.
In this perspective, Wendling et al. evaluated three AS patients
with 18F-FDG PET-CT at baseline and after 6–8 weeks of TNF
inhibitors (33). No decrease in 18F-FDG uptake was observed
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FIGURE 2
18F-FDG PET of SpA. In SpA, sacro-iliitis is a highly specific pattern of 18F-FDG uptake, as illustrated here in the right sacro-iliac joint, but is rarely
observed in practice. As for PMR, 18F-FDG uptake of the sterno-clavicular joints, scapular and pelvic girdles is also observed.

under treatment, highlighting the need of further large cohort
investigations in this particular field.

18F-FDG PET in polymyalgia
rheumatica

Polymyalgia rheumatic (PMR) is an inflammatory disease
of unknown origin affecting patients over 50 years old,
causing arthromyalgia of the pelvic and/or scapular girdle,
systemic manifestations and sometimes peripheral arthritis
(34, 35). A biologic inflammatory syndrome is classical.
As well as SpA, PMR has no specific biomarkers. The
diagnosis is based on clinical and laboratory evidence and
the exclusion of the numerous differential diagnosis (e.g., late
onset SpA, rheumatoid arthritis with rhizomelic presentation,
remittive symmetrical seronegative synovitis with pitting
edema (RS3PE), inflammatory myositis . . ..) with plain
radiography and exhaustive biologic tests. In 15 to 20% of
cases, PMR is associated with giant cell arteritis (GCA), an

inflammatory disease of the vascular wall of large arteries
(Figure 3). Corticosteroids are the cornerstone of treatment
both for GCA and PMR.

Although 18F-FDG-PET-CT is not recommended to
diagnose isolated PMR, 18F-FDG PET-CT is now indicated
as a first line imaging procedure in the case of suspected
GCA (3). Historically, Blockmans et al. were the first to
apply 18F-FDG PET on isolated PMR patients (36). In their
seminal paper, the authors reported the currently well-known
reference pattern of 18F-FDG uptake in this RIC: a bilateral
and symmetrical increase of 18F-FDG uptake in the shoulders
and pelvic girdles, frequently associated with multi-tiered
increase of 18F-FDG uptake of spinous process. During the
last 15 years, several studies reported these typical 18F-FDG
uptake, but also sternoclavicular joints (14, 31, 37). At the
population level, the intensity of 18F-FDG uptake in these
locations appears higher in PMR patients compared to RA, SpA
and other inflammatory condition (38). A recent meta-analysis
by van der Geest et al. showed that combining these targeted
anatomic sites of 18F-FDG uptake improved the diagnosis
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FIGURE 3
18F-FDG PET of PMR. In PMR, active LVV frequently overlaps, as illustrated here with the long linear and smooth 18F-FDG uptake of the right
vertebral artery in this corticosteroid resistant PMR patient. As for SpA, 18F-FDG uptake of the sterno-clavicular joints, scapular, and pelvic girdles
is also typically observed.

performance of PET in PMR (37). These data were later
confirmed by other studies (31, 39), highlighting the fact that
18F-FDG-PET-CT could be a relevant tool to discriminate PMR
from other inflammatory rheumatisms, even in challenging
case-mix populations. Steroid treatment prior to PET-CT
reduces the scan’s ability to demonstrate inflammation in
PMR patients. This should be kept in mind when interpreting
PET-CT in patients already exposed to steroids (40). PMR-like
syndrome have been reported in patients receiving immune
check point inhibitors (ICIs) for cancers (41, 42). Rheumatic
and Musculo-skeletal immune-related adverse events (irAes)
often do not fulfill to the traditional classification criteria (42).
Compared with classical PMR, PMR-like syndromes showed
higher prevalence of peripheral arthritis and the biologic
inflammation can be lacking (43). Previous report (44) and
van der Geest et al. (45) assessed the role of 18F-FDG PET-CT
before the initiation of corticosteroid in 6 patients with PMR –
like syndrome. He found the same symmetric 18F-FDG uptake
locations than those in classical PMR, without LVV associated.
One third exhibited peripheral 18F-FDG uptake. These results
were confirmed recently by Ponce et al. (44). To note, patients
experienced irAEs induced by ICI had a better cancer prognosis
than those in non – irAEs patients (46).

Monitoring the response to treatment with 18F-FDG PET-
CT may be tempting (Figure 4). However, standard clinical
and biological biomarkers are currently sufficient in most
practical cases. Nevertheless, Palard-Novello et al. assessed

the value of 18F-FDG PET-CT to monitor 18 PMR patients
receiving Tocilizumab as first line treatment (TENOR trial) (47).
The PET-CT were performed at baseline, two and 12 weeks.
Between baseline and 12 weeks, the authors observed significant
improvement of the PMR activity score and biological markers,
together with a decrease of 18F-FDG uptake in targeted joints
(hips, ischial tuberosity, lumbar spinous process). During
follow-up, no correlation was found between PET, clinical
and biological biomarkers. Devauchelle-Pensec et al. confirmed
these results in a cohort of 20 glucocorticoid-free PMR onset
receiving Tocilizumab as first line treatment (48). Thus 18F-
FDG PET-CT may not appear relevant neither for monitoring
treatment response nor disease activity in PMR patients.

Whether 18F-FDG-PET-CT could be a relevant tool or not
to predict response to treatment is poorly evaluated. In 2007,
the seminal paper by Blockman et al. (36) found no difference of
18F-FDG uptake between relapsers and non-relapsers at 3 and
6 months, and 18F-FDG PET uptake was not correlated with the
risk of relapse. In a recent study, Prieto-Peña et al. (49) identified
predictive factor of 18F-FDG PET positivity for LVV in a
population of 84 isolated PMR patient with persistent of classical
PMR symptoms and/or unusual symptoms (inflammatory low
back pain, diffuse lower limb pain). Among 84 patients, 51
(61%) patients had evidence of LVV on 18F-FDG PET. In
multivariate analysis, diffuse lower limb pain, pelvic girdle pain
and inflammatory low back pain were the best set of predictors
of PET positivity for LVV in patients with initially isolated
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FIGURE 4
18F-FDG PET changes under treatment: typical but no current benefit over standard biomarkers. In this case of PMR, significant decrease of
18F-FDG uptake is observed in the targeted joints (here the scapular and pelvic girdles, ischial tuberosities) under treatment (A) baseline scan,
and (B) after several lines of treatment). Although metabolic changes assessed with 18F-FDG are frequently observed, the clinical benefit of such
imaging biomarker over standard clinical and biological biomarkers for disease monitoring remains to be defined.

PMR. Finally, a take home message of this study is the potential
existence of LVV signs in PMR patients in whom GCA was
not clinically suspected. The presence of predictive signs could
raise the question of systematically searching for GCA by PET
CT given the therapeutic and prognostic impact. This work will
therefore need to be confirmed in a new cohort. As mentioned
previously, caution should be made in patients already exposed
to glucocorticoids. Because glucocorticoids rapidly reduce the
18F-FDG uptake of the vascular wall in LVV patients, withdraw
or delay therapy until after 18F-FDG PET when possible (i.e.,
no risk of ischemic complications) or 18F-FDG PET acquisition
within the first days of therapy are currently recommended to
reduce the risk of false negative results (4).

Finally, 18F-FDG PET could be used for differential
diagnosis including cancers revealed by musculoskeletal
manifestations including PMR-like symptoms. In this
perspective, Moya-Alvarado et al. (50) assessed the added
value of 18F-FDG PET-CT to diagnose other underlying
conditions in a cohort of 103 onset and steroid resistant PMR
patients. The final diagnosis of PMR, LVV, malignancies and
other (small vessel vasculitis, osteoarthritis, elderly onset of RA,
Sjögren’s syndrome) were retained in 73, 16, 5, and 9 patients,
respectively. In the case of bio-clinical flare after glucocorticoid
tapering in GCA patients with or without PMR, Camellino et al.
promote the use of 18F-FDG PET-CT to rule-out cancer and
detect subclinical LVV (35).

Time for new tracers?

PET imaging is characterized by its vectorized imaging
capabilities. Beyond 18F-FDG we have focused on here, other
tracers have been investigated in CIRs (51). In SpA, several
studies reported the relevance of 18F-Na (18F-fluoride PET)
to evaluate osteoblastic activity in chronic AS, and diagnose
new bone formation in spine and SIJ which were misjudged
by MRI and delayed by plain radiography (52–54). Son et al.
(55) evaluated 18F-Na in a retrospective cohort of 68 patients
with suspected AS. Among 68 patients, 72% reach ASAS
criteria for SpA. Eighty percent in AS group exhibited higher
frequency of 18F-Na uptake (enthesopathy, syndesmophyte,
symmetric sacroiliitis), in comparison with the control group.
In 2018, in a pilot study, Bruijnen et al. (53) suggested that AS
activity was better reflected by bone activity assessed by 18F-Na
than inflammation assessed by 18F-FDG and [11C](R)PK11195,
a radiotracer of inflammation targeting the mitochondrial
outer membrane translocator protein of activated macrophages
(TSPO PET). In RA, TSPO PET radiotracers have also been
assessed (56, 57). In their study including 29 RA patients
without clinical arthritis, Gent et al. showed increased TSPO
PET uptake in metacarpophalangeal, proximal interphalangeal,
and wrist joints in 55% of cases, of whom 69% developed a
flare within the 3-years of follow-up (56). More recently, the
baseline PET assessment of B-cell load by using radiolabeled
Rituximab (Zirconium-89) showed independent value of PET
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to prognose therapeutic response, with positive and negative
predictive values for clinical response at 24 weeks of 90 and 75%,
respectively (58).

To conclude, the place of 18F-PET-CT in the management
of patients with RA, SpA and PMR remains to be defined. In
classical presentations, 18F-FDG PET does not appear useful
in the diagnostic process. It should be reserved for atypical
presentations or in case of poor response to treatment in order
to ensure the absence of a differential diagnosis. Its relevance
for the assessment of associated manifestations - cardiovascular
complications of RA - GCA associated with PMR appears
promising, deserving dedicated lines of research. Finally, the use
of new tracers is to be followed to improve the diagnostic and
prognostic performance of this whole-body imaging modality.
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18-Fluorodeoxyglucose positron
emission tomography/computed
tomography for large vessel
vasculitis in clinical practice
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Karine Champion, Ruxandra Burlacu, Stéphane Mouly,
Damien Sène and Cloé Comarmond*

Department of Internal Medicine and Clinical Immunology, Lariboisière Hospital, Université Paris Cité,
Paris, France

Diagnosis, prognostic assessment, and monitoring disease activity in patients

with large vessel vasculitis (LVV) can be challenging. Early recognition of

LVV and treatment adaptation is essential because vascular complications

(aneurysm, dilatations, ischemic complications) or treatment related side effects

can occur frequently in these patients. 18-fluorodeoxyglucose positron emission

tomography/computed tomography (2-[18F]FDG-PET/CT) is increasingly used to

diagnose, follow, and evaluate treatment response in LVV. In this review, we aimed to

summarize the current evidence on the value of 2-[18F]FDG-PET/CT for diagnosis,

follow, and treatment monitoring in LVV.

KEYWORDS

2-[18F]FDG-PET/CT, giant cell arteritis, takayasu arteritis, large vessel vasculitis, large vessel
arteritis

Introduction

Giant cell arteritis (GCA) and Takayasu arteritis (TA) are two vasculitis predominantly
affecting large vessels: aorta and its major branches (1). They differ by their clinical presentation,
prognosis, and treatment. Imaging modalities such as ultrasound (US), computed tomography
(CT) and 18-Fluorodeoxyglucose positron emission tomography (2-[18F]FDG-PET/CT) are
more frequently used, have replaced angiography and have modified management of these
diseases (2).

18-Fluorodeoxyglucose positron emission tomography/computed tomography is a
functional imaging modality of fundamental utility in oncology that has progressively been used
in rheumatic diseases. Indeed, 2-[18F]FDG-PET/CT has shown in preclinical models the ability
to detect glucose intake in inflammatory and endothelial cells (3, 4). In this review, we aim to
illustrate the usefulness of 2-[18F]FDG-PET/CT in management of LVV.

2-[18F]FDG-PET/CT and giant cell arteritis

2-[18F]FDG-PET/CT in GCA diagnosis

Giant cell arteritis is the most frequent large vessel vasculitis affecting patients older than
50 years with a prevalence of 9/100,000 in a prospective study of a German population and up
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to 25/100,000 in patients older than 50 years (5). Diagnosis of GCA
is based on the presence of clinical signs of vasculitis, proof of vessel
inflammation, eliminating alternate diagnosis and dramatic response
to steroids in patients older than 50 years.

Giant cell arteritis encompass cranial and extracranial
manifestations. Constitutional symptoms and elevated inflammatory
markers are present in >90% of cases and patients may present with
fever of unknown origin as the initial symptom in 15% of cases (6,
7). Cranial manifestations such as headaches may present in two
third of patients (8). The most severe acute complication, visual loss,
is described in around 20% of cases but this has been reduced with
early recognition of disease and usage of temporal artery ultrasound
(9, 10). Pseudomyalgia rheumatica (PMR) is the most common
extra cranial manifestation in GCA and occur in 45–50% of GCA
patients (11). Clinical manifestations of large vessel involvement
(limb claudication, thoracic pain) may develop in one fifth of GCA
patients (12).

Temporal artery biopsy (TAB) was initially recommended in
every case of suspected GCA and was considered the gold standard
(13). However, results are delayed and biopsy may be negative in up
to 42% of patients with predominantly large vessel GCA (LV GCA)
(12). Temporal artery ultrasound has shown very good performance
with a pooled sensitivity of 77% and a pooled specificity of 96%
as compared with the clinical diagnosis of GCA (2). It is also cost
effective compared to TAB but remains limited for the exploration of
aorta and visceral arteries (14). Thus, it is the first line recommended
imaging technique for suspected predominantly cranial GCA (2).
Nevertheless, TAB remains strongly recommended over imaging in
ACR 2021 guidelines (15). Recently, the 2022 American College of
Rheumatology/EULAR GCA classification criteria emphasized the
use of 2-[18F]FDG-PET/CT, as well as other investigative methods:
Ultrasound, MRI, for use in clinical practice (16). PET, MRI, and CT
are equally proposed to detect large vessel inflammation in GCA in
recommendations from different scientific societies: ACR, EULAR,
the British Society for Rheumatology and the French study Group for
Large Vessel Vasculitis (2, 15, 17, 18).

18-Fluorodeoxyglucose positron emission
tomography/computed tomography has overall good performance
for the diagnosis of GCA. Specific patterns of PET/CT uptake show
that patients with GCA and positive 2-[18F]FDG-PET/CT are more
likely to have a diffuse disease with thoracic and abdominal aorta,
bilateral subclavian and axillary arteries involvement (19). Ascending
aorta is the most affected zone (72%) followed by the brachiocephalic
trunk (62%), aortic arch (60%), and descending aorta (60%) (20).

Blockmans et al. (21) have compared PET versus TAB
performance and found a sensitivity of 77% and a specificity of 66%.
Subsequently, three meta-analysis including studies of GCA patients
comparing PET alone or with CT vs. different gold standard (clinical
diagnosis or TAB) found sensitivity of 80–89% and specificity of
89–98% (22–24). The main limitations of these meta-analysis are the
inclusion of predominantly retrospective studies and the usage of
different reference standard between included studies. More recently,
a longitudinal prospective study comparing 2-[18F]FDG-PET/CT
with clinical diagnosis at 6 months found a sensitivity of 67%, a
specificity of 100%, a negative predictive value of 64% and a positive
predictive value of 100% (25).

18-Fluorodeoxyglucose positron emission
tomography/computed tomography is also a useful imaging
technique to assess large vessel involvement in patients with
suspected GCA and negative TAB. In a retrospective study of

63 patients with suspected GCA and negative TAB, large vessel
involvement with 2-[18F]FDG-PET/CT was observed in 14 patients
(22%). The final diagnosis of GCA was based on the presence of
clinical symptoms, laboratory results, imaging data compatible with
GCA, and good response to corticosteroid therapy (26).

Moreover, new generations of 2-[18F]FDG-PET/CT provide
improved image resolution and can detect arteritis in smaller
cranial arteries (temporal, maxillary, vertebral and occipital arteries)
(Figure 1). Diagnosis of cranial artery inflammation with head, neck
and chest PET/CT before or within 72 h after glucocorticoids intake
showed a sensitivity of 82–92% and a specificity of 85–100% for
diagnosis of GCA (27–29).

Finally, 2-[18F]FDG-PET/CT can be helpful in patients
presenting with extracranial manifestation of GCA. In patients
presenting with fever of unknown origin (FUO), abnormal 2-
[18F]FDG-PET/CT increase the diagnosis rate to 83% among
whom one-third have inflammatory diseases, such as vasculitis
(30). In patients with suspicion of PMR, prospective studies using
2-[18F]FDG-PET/CT revealed the presence of LVV involvement in
31–60% of patients (31, 32).

The main differential diagnosis of FDG vessel uptake in vasculitis
is atherosclerosis. Based on qualitative and quantitative vascular 18
FDG uptake, vascular site involved and disappearance upon steroid
treatment, some differences can be noted (33): In atherosclerotic
disease, uptake is usually low to moderate (Grade 0–1), has a patchy
pattern and is predominantly located on iliofemoral sites and aortic
bifurcations. In vasculitis however, FDG uptake is usually intense:
a grade 3 uptake is found in aortitis only and semi quantitative
analysis of FDG uptake are significantly higher in aortitis compared
to atherosclerotic disease (mean SUVm 4.6 vs. 2.7) (34). Furthermore,
FDG uptake in aortitis has a concentric, smooth linear pattern
and may affect whole aorta. Also, CT images show non-concentric
calcifications in atherosclerotic disease versus circumferential aortic
wall thickness of more than 2–3 mm in vasculitis (35; Table 1).

2-[18F]FDG-PET/CT in GCA prognosis

The prognosis in GCA is dominated by irreversible vision during
short term course and vascular complications (dilatation, dissection,
aneurysm, atherosclerosis) during long term follow-up (36).

Positron emission tomography/computed tomography is not
adequate to evaluate the risk of vision loss because if ocular
involvement is suspected, glucocorticoids must be started
immediately and no imaging should delay the treatment (2).
Moreover, ciliary arteries and central retinal arteries which are
involved in ocular retinal damages are too small to be evaluated
by PET/CT. Patients with GCA have a 2-fold increased risk
of aortic aneurysm than control in a large UK cohort (37).
Approximatively 20% of patients with GCA may develop aortic
structural damage (aneurysm, dissection) (38, 39), mainly after
5 years from diagnosis (40).

Some risk factors for aortic damage in GCA have been identified
and include male sex, smoking, hypertension and diabetes (37).

In two prospective studies by Blockmans et al. (31) and Galli
et al. (41) assessing FDG uptake at diagnosis and during follow up,
respectively up to 6 months and with a mean 97 months, vascular
uptake at diagnosis did not predict subsequent relapse. However,
an increased FDG uptake in the aorta at the diagnosis of GCA
was associated with development of thoracic aorta dilatation (42)
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FIGURE 1

Positron emission tomography (PET) and magnetic resonance angiography (MRA) in a patient with giant cell arteritis (GCA) (man of 73 years old, CRP
17 mg/L, TAB positive). PET shows an inflammatory pattern with clear uptake (>liver uptake, grade 3) in vertebral arteries (left = red arrow and
right = green arrow), sub-clavicular arteries, aortic arch, and thoracic aorta [panels (A,B) posterior image]. MRA shows vertebral arterial wall thickening,
occlusion, and parietal enhancement [panels (C,D)]. PET and compute tomography angiography (CTA) illustrating aortitis at diagnosis in GCA patient,
woman of 64 years old, CRP 84 mg/L, TAB negative [panel (E)].

TABLE 1 Differences in the pattern of fluorodeoxyglucose (FDG) uptake between vasculitis and atherosclerosis.

Large-vessel vasculitis Atherosclerosis

Intensity of FDG uptake Grade 2–3 Grade 0–1

Pattern of uptake Concentric, smooth, and linear Patchy

Sites GCA:
Diffuse, disease, ascending aorta
>brachiocephalic trunk and vertebral
arteries >aortic arch = descending aorta

TAK:
Axillar, subclavian, and common carotid
arteries, abdominal aorta and renal,
mesenteric arteries

Iliofemoral arteries, aortic bifurcations.

Calcifications on CT images No Yes

Response to steroids Usually, disappear Doesn’t change

Source Liozon et al. (19), Slart et al. (35), Gribbons et al. (79).
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and in a prospective study including both GCA and TAK, future
clinical relapses were more frequent in patients with a high PETVAS
(≥20) than in patients with a low PETVAS (55 vs. 11%; P = 0.03)
over a median follow-up of 15 months (43). More recently, the
presence of FDG-PET activity at baseline in arterial territories of
patients with LVV (TA or GCA) preceded angiographic progression
and change (44). An arterial territory with baseline PET activity
had 20 times increased odds for angiographic change compared
to a paired arterial territory without PET activity. Concomitant
edema and wall thickness further increased risk for angiographic
change (44).

2-[18F]FDG-PET/CT in monitoring GCA
activity

Therapeutic options for GCA comprise glucocorticoids (GC),
tocilizumab (TCZ) and methotrexate (MTX). The optimal length of
therapy is not well-known but treatment is usually maintained at least
2 years (15, 45). Indeed, relapses have been reported in around 30% of
cases in prospective studies, mainly during the first 2 years following
diagnosis (46, 47).

18-Fluorodeoxyglucose positron emission
tomography/computed tomography in GCA can detect active
aortitis and localize inflammation for extra-cranial arterial territories
and peripheral arthritis (bilateral shoulder/hip pain and morning
stiffness compatible with polymyalgia rheumatica–PMR) (2, 7). An
activity score has been proposed to compare uptake evolution and
is based on the sum of visual scores in different arterial regions: the
Total Vascular Score (TVS). This visual score uses a standardized
0–3 grading system: 0 = no uptake (≤mediastinum); 1 = low-grade
uptake (<liver); 2 = intermediate-grade uptake (=liver), 3 = high-
grade uptake (>liver). Grade 2 is considered possibly indicative
and grade 3 is considered positive for active LVV. The total score
can be determined at seven different vascular regions (thoracic
aorta, abdominal aorta, subclavian arteries, axillary arteries, carotid
arteries, iliac arteries, and femoral arteries) and ranges from 0 to 21
(35). An increased number of vascular region can be chosen in a
similar score: PET vascular activity score (PETVAS) by including
four segments of the aorta (ascending, arch, descending thoracic, and
abdominal) and five branch arteries (carotids, brachiocephalic trunk,
subclavian/axillary arteries) with a maximum score of 27 (43).

In a prospective study of 29 patients with biopsy proven GCA and
initially positive 2-[18F]FDG-PET/CT, TVS decreased from baseline
to 3 months after treatment but remained unchanged at 6 months
(31). Furthermore, there was no significant correlation between PET
activity and clinical score (BVAS) or biological markers of activity
(CRP, ESR) in patients with vascular complications or persistent
inflammatory markers despite treatment (48). The persistence of
FDG uptake despite clinical and biological remission is poorly
understood (vascular remodeling vs. persistent mural inflammation)
and its role in further vessel damage is unknown and is among the
future research agenda (2).

The role of 2-[18F]FDG-PET/CT for treatment monitoring in
LVV has been recently reviewed by van der Geest et al. (49).
Longitudinal studies showed a decrease of baseline arterial FDG
uptake after treatment induced remission. Investigation of early
changes upon glucocorticoid treatment showed the persistence of
FDG uptake after 3 days but its disappearance in 64% of cases
after 10 days (50). The meta-analysis of four cross-sectional showed

a moderate diagnostic accuracy for detecting active disease with
a pooled sensitivity of 77% (95% CI 57–90%) and specificity of
71% [95% CI (47–87%)] (49). In a subsequent study comparing
treatment effect on vascular inflammation, MTX and TCZ were
associated with a higher decreased PETVAS than corticosteroids
alone (51). The PET vascular activity score is useful to differentiate
active and inactive disease and to predict relapse. However, PET/CT
seems less accurate to evaluate clinically active disease in GCA
compared to TAK probably explained by a younger age and less
atherosclerosis in TAK, and a spectrum of cranial and articular
clinical manifestations less frequently the expression of the LVV
inflammation in GCA population.

There are no studies available using 2-[18F]FDG-PET/CT
alone to guide treatment adaptation. 2-[18F]FDG-PET/CT provides
information about vascular inflammation that is complementary
from clinical assessment in LVV. A prospective imaging study
in patients with GCA treated with tocilizumab shows that 2-
[18F]FDG-PET/CT activity is significantly reduced in response to
treatment with tocilizumab and repeat 2-[18F]FDG-PET/CT after
tocilizumab discontinuation reveal worsening vascular PET activity
in most patients (52). Therefore, treatment adaptation is guided
by multimodal assessment with clinical, biological and imaging
parameters. The 2-[18F]FDG-PET/CT place remains to be specified
but 2-[18F]FDG-PET/CT persistent uptake despite clinical remission
could be associated with future clinical relapse.

2-[18F]FDG-PET/CT versus other imaging

Comparison of extended vascular US and 2-[18F]FDG-PET/CT
showed comparable diagnostic accuracy in a cohort of suspected
GCA (53). However, US was more sensible for temporal arteries
vasculitis and popliteal vasculitis and 2-[18F]FDG-PET/CT was more
performant for thoracic and abdominal aorta vasculitis. Thus, these
two imaging modalities may be complementary. The advantages
of US over 2-[18F]FDG-PET/CT are its availability, the absence
of irradiation and a lower-cost imaging. However, it is operator
dependent and does not detect alternate diagnosis such as neoplasia.

Multiple studies have shown comparable diagnostic accuracy
between CT angiography (CTA) and PET/CT (25, 54–56). A higher
correlation of PET with inflammatory markers was found (25, 55).
The main advantages of CT over PET alone were the better evaluation
of parietal damage and its availability. However, combination of
PET with CT allows better evaluation of parietal damage even
if reconstructed slice thickness remains superior to CT alone
(∼3.5 mm vs. ∼2 mm) (Figure 1E).

In a prospective study comparing early diagnosis performance
of MRI and 2-[18F]FDG-PET/CT, their diagnosis accuracy were
comparable, however, 2-[18F]FDG-PET/CT detected more vascular
regions involved than MRI (57). It should be noted that both
are poorly correlate with clinical disease activity in patients with
preexisting immunosuppressive therapy (48, 58). We summarize
diagnostic performances of different imaging modalities for baseline
evaluation in Table 2.

Conclusion 2-[18F]FDG-PET/CT and GCA

To sum up, 2-[18F]FDG-PET/CT is a useful diagnosis to assess
diagnosis and prognosis of GCA.
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TABLE 2 Study characteristics and main findings on the diagnostic accuracy by angiography, ultrasound, CTA, magnetic resonance angiography (MRA) and
18-fluorodeoxyglucose positron emission tomography/computed tomography (2-[18F]FDG-PET/CT) at baseline in giant cell arteritis (GCA) and
Takayasu arteritis.

Angiography US CTA MRA 2-[18F]FDG-PET/CT

Stenosis +++ +++ +++ ++ -

Artery wall thickness - +++ +++ ++ -

Aneurysm +++ +++ +++ +++ -

Parietal inflammation - + ++ ++ +++

Flow + +++ - +++ -

GCA

References Design Population Reference
standard

Index test Performance Risk of bias
based on

EULAR
evaluation (66)

US Luqmani et al.
(14)

Prospective 381 Clinical diagnosis
at 6 months (6m)
or positive TAB

Halo/stenosis/occlusion
(cranial arteries)

Se 54%, Sp 81%
PPV 73% NPV 69%

Moderate

Rinagel et al. (80) Meta analysis 1,062 (20
studies)

Positive TAB Halo/stenosis/occlusion
(cranial arteries)

Se 78% Sp 79% PLR
3.80 NLR 0.29

Moderate

Nielsen et al. (81) Prospective 46 Clinical diagnosis
and positive PET

Halo/compression sign
(cranial and extra
cranial arteries)

Se 97% Sp 100% Low

Hop et al. (82) Retrospective 113 Clinical diagnosis
6 months

Halo/occlusion (cranial
and extra cranial

arteries)

Se 71% Sp 93% Low

Skoog et al. (83) Restrospective 201 Clinical diagnosis
at 6 months

Halo/compression sign
(cranial and extra
cranial arteries)

Se 95% Sp 98% Moderate

CTA Lariviere et al.
(25)

Prospective 24 Clinical diagnosis
at 6 months

Wall
thickening+contrast
enhancement score

(1–4)

Se 73% Sp 84% PPV
84 NPV 64%

Low

MRA
(cranial
arteries)

Bley et al. (84) Prospective 32 ACR criteria or
positive TAB

Wall
thickening+contrast
enhancement score

(0–3)

Se 80.6% Sp 97% Low

Siemonsen et al.
(80)

Retrospective 28 ACR criteria or
positive TAB

Wall
thickening+contrast
enhancement score

(0–3)

Se 80% Sp 80% Moderate

Rhéaume et al.
(85)

Prospective 171 ACR criteria or
positive TAB

Wall
thickening+contrast
enhancement score

(0–3)

Se 93.6% Sp 77.9%
PPV 48.3% NPV

98.2%

Moderate

PET/CT Blockmans et al.
(21)

Retrospective 69 Clinical criteria and
positive TAB

Visual intensity of FDG
uptake

Se 56% Sp 98% PPV
93% NPV 80%

Moderate

Soussan et al.
(24)

Meta analysis 127 (8 studies) ACR criteria or
positive TAB

Visual or
semiquantitative

analysis of FDG uptake

Se 90% Sp 98% PLR
28.7 NLR 0.15

Moderate

Lariviere et al.
(25)

Prospective 24 Positive TAB Visual intensity of FDG
uptake

Se 66% Sp 100%
PPV 100% NPV

64%

Low

Sammel et al.
(28)

Prospective 64 Positive TAB Visual intensity of FDG
uptake

Se 92% Sp 85% PPV
61% NPV 98%

AUC 88%

Low

TA

References Design Population Reference
standard

Index test Performance Risk of bias
based on

EULAR
evaluation (66)

US Barra et al. (72) Meta analysis 63 ACR Criteria
and/or angiography

Carotid Intima-media
thickness >1 mm

Se 81% Sp 100% Moderate

CTA Yamada et al.
(81)

Retrospective 25 Conventional
angiography

Luminal changes:
stenosis, occlusion,

dilatation

Se 67% Sp 100% Low

(Continued)
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Table 2 (Continued)

TA

References Design Population Reference
standard

Index test Performance Risk of bias
based on

EULAR
evaluation (66)

MRA Kumar et al. (86) Retrospective 16 Conventional
angiography

Luminal changes:
stenosis, occlusion,

dilatation

Se 91% Sp 88% High

Yamada et al.
(87)

Retrospective 30 Conventional
angiography

Luminal changes:
stenosis, occlusion,

dilatation

Se 100% Sp 100% Low

Barra et al. (72) Meta analysis 182 Conventional
angiography

Luminal changes:
stenosis, occlusion,

dilatation

Se 92% Sp 92% Moderate

PET/CT Santhosh et al.
(65)

Retrospective 51 ACR criteria Intensity of FDG uptake Se 83% Sp 90% Moderate.
Evaluated all together
performance for both
diagnosis and disease

activity

Se, sensibility; Sp, specificity; PPV, positive predictive value; NPV, negative predictive value; PLR, positive likehood ratio; NLR, negative likehood ratio; AUC, area under the curve; TAB,
temporal artery biopsy.

It can be used in two situations: first, GCA is confirmed or highly
probable, for example a high pretest probability and positive US or
TAB. In this clinical situation the role of 2-[18F]FDG-PET/CT is to
early detect large vessel involvement and to predict vessel damage,
particularly thoracic aortitis which is associated with an increased risk
of developing thoracic aorta dilatation (42, 44).

Secondly, GCA is suspected but uncertain. For example in
patients presenting with constitutional symptoms, FUO, suspected
LV involvement or signs of PMR with an intermediate or low
pretest probability. In this clinical situation, 2-[18F]FDG-PET/CT
is useful to detect signs of vasculitis and search for an alternate
diagnosis: signs of PMR, neoplasia, other inflammatory diseases
(sarcoidosis) or infection.

Its role in the follow-up of patients with GCA is not well-
established. We propose to use 2-[18F]FDG-PET/CT during
follow-up of GCA patients depending on clinical and biological
parameters evolution to aid in therapeutic decisions: If patient
present with clinical symptoms (extracephalic) but without
inflammatory markers, a negative TEP may help in deciding to
stop or not restart treatment. Also, in a patient with increased
biological markers without clinical signs, a positive TEP may
detect preclinical lesions and help in deciding to restart or increase
anti-inflammatory treatment.

2-[18F]FDG-PET/CT and takayasu arteritis

Takayasu arteritis (TA) is the second primitive vasculitis affecting
predominantly large vessels (1). It is ubiquitous but the highest
incidence is found in Asia (59). Contrary to GCA it affects mainly
patients under 40 years, has a higher F/M sex ratio and differs by
clinical presentation and disease course (60).

2-[18F]FDG-PET/CT and TA diagnosis

There is no gold standard for diagnosis of TA and artery
biopsy is not routinely available. Diagnosis is mainly based on the
presence of characteristic imaging of large arteries in young patients

under 50 years with clinical signs and/or elevated inflammatory
markers (61).

Patients with TA may present with vascular symptoms
attributable to arteritis but also systemic symptoms or “non-vascular”
symptoms. Systemic symptoms may precede the vascular phase and
are non-specific. They encompass fever, skin manifestations,
arthralgia, episcleritis. Also, TA may be associated with other
inflammatory diseases, such as sarcoidosis, spondylarthritis, or
Crohn disease (62).

TA predominantly affect subclavian and common carotid arteries
but aorta and all its branches may be involved (60). The disease
is often diagnosed during the vascular phase which results from
vascular complications: stenosis in >90% of cases, aneurysm in 20%
of cases (63).

Appropriate imaging is the mainstay for the diagnosis of
TA (Table 2). Based on its performance to investigate mural
inflammation and/or luminal changes and the young age of the
patients, European guidelines recommend angio-MRI as the first
line imaging option replacing angiography (2). Moreover, to assess
peripheral artery disease, French guidelines propose vascular doppler
ultrasound to evaluate vessel wall morphology and blood flow (61).

We did not find study evaluating the accuracy of 2-[18F]FDG-
PET/CT as a diagnostic tool only in TA. However, based on current
clinical practice, recent 2022 ACR/EULAR classification criteria for
Takayasu arteritis fully integrate evidence of vasculitis in the aorta
or branch arteries confirmed by vascular imaging: CT/catheter-
based/magnetic resonance angiography (MRA), ultrasound and PET
(58, 64). One study by Santhosh et al. (65) studied 2-[18F]FDG-
PET/CT as diagnostic tool but also included activity evaluation.
Other studies or meta-analysis focused on 2-[18F]FDG-PET/CT as
a measurement of the disease activity or included both GCA and TA.
Similarly, there was no study on 2-[18F]FDG-PET/CT as diagnostic
tool in TA included in the meta-analysis informing the EULAR
guidelines on imaging (66).

2-[18F]FDG-PET/CT and TA prognosis

In a multicentric retrospective study of TA patients, relapse were
observed in 43% of patients and vascular complications occurred in
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38% of patients after a median follow up of 6.1 years (67). Main
vascular complications in TA are: neurovascular disease (stroke,
transitory ischemic attack), ischemic retinopathy, cardiovascular
complications ranging from aortic regurgitation to pulmonary
hypertension including coronaropathy and microvascular ischemia,
renovascular disease, and peripheral artery disease. Risk factors
for relapse were male sex, high CRP and carotidynia at diagnosis.
Progressive disease, thoracic aorta involvement and retinopathy were
associated with vascular complications (67).

One retrospective study evaluated the predictive value of
2-[18F]FDG-PET/CT in 32 patients with baseline 2-[18F]FDG-
PET/CT and a median follow up of 83.5 months. Maximal
standardized uptake value (SUVmax) in arteries ≥1.3 seemed to
be associated with disease relapse [Odds ratio (OR): 5.667; 95%
confidence interval (95 CI): (1.067–30.085)] and the need to change
therapy [OR: 7.933; 95 CI: (1.478–42.581)]. Interpretation of these
results must be cautious because of potential bias due to study
design and very large 95% confidence interval of ORs. Also, there
was no association between SUVmax intensity at baseline and
the development of ischemic events, new angiographic lesions or
sustained remission (68). In a recent prospective cohort to assess
whether vascular 2-[18F]FDG-PET/CT activity is associated with
angiographic change in LVV including 38 TA patients, lack of
2-[18F]FDG-PET/CT activity was strongly associated with stable
angiographic disease, P < 0.01 (44). An arterial territory with
baseline 2-[18F]FDG-PET/CT activity had 20 times increased odds
for angiographic change compared to a paired arterial territory
without PET activity. Angiographic progression with arterial damage
was preceded by the presence of 2-[18F]FDG-PET/CT activity (44).

2-[18F]FDG-PET/CT and monitoring TA
activity

Treatment of TA is based on glucocorticoids often associated
with methotrexate or anti-TNFα in severe disease or in case of
steroids dependence (15, 45, 61). There are no consensual criteria
for assessing TA activity. Inflammatory markers are poorly correlated
with angiographic progression and may remain negative in 30% of
patients with clinically active disease (69). Two tools are commonly
used : First the NIH criteria and more recently, the ITAS2010 criteria
which is increasingly being used (70, 71).

A meta-analysis including 131 patients with TA evaluated 2-
[18F]FDG-PET/CT performance for assessing activity of disease
based on NIH and showed a sensitivity and specificity of 84% (24).
All four included studies had a retrospective design. These results
were confirmed in a second meta-analysis including 57 studies,
mainly cross-sectional and of low methodological quality. The pooled
sensitivity was 81% and specificity 74% (72). A recent longitudinal
study included 126 patients with LVV (GCA = 50; TAK = 76) with 2-
[18F]FDG-PET/CT at enrollment and follow up. Global arterial FDG
uptake was quantified with PETVAS. After a median follow up of
2.6 years, there was no significant decrease in PETVAS in TA patients.
Also, there was no direct correlation between PETVAS during follow
up and clinical and biological activity (73).

One case report suggested that 2-[18F]FDG-PET/CT may not
detect pulmonary artery (PA) involvement in TA) (74). This was
infirmed in a study Gao et al. (75) which compared performance
of 2-[18F]FDG-PET/CT versus CTPA or AMR in TA patients with

PA involvement. 2-[18F]FDG-PET/CT was as sensible as radiological
imaging (71.4 vs. 92.9%, P = 0.250) and seemed to have higher
specificity (91.7 vs. 37.5%, P = 0.001).

Finally, a multimodal assessment of TA activity was proposed by
amalgamating the sum of mean SUV, ESR and soluble interleukin-2
receptor (IL-2Rs) which seemed concordant with NIH and ITAS2010
criteria (76). However, the population included had different disease
course and treatment. This model needs further validation using
prospective studies and homogenous population.

Conclusion PET/CT and TA

The place of 2-[18F]FDG-PET/CT in TA management remains
poorly defined. Diagnosis and disease activity assessment in TA can
be challenging as patients may not have overt clinical symptoms
or elevated CRP at diagnosis or during periods of active disease.
Combination of non-invasive vascular imaging such as doppler
ultrasound, MRA, CTA, and 2-[18F]FDG-PET/CT remains the first
line modality for diagnosis of TA and is essential to monitor
vascular disease in patients with TA. During follow up, new
areas of arterial damage can develop despite apparent clinical
and biological remission in TA. 2-[18F]FDG-PET/CT cannot be
systematically recommended for follow up but incorporate the use
of 2-[18F]FDG-PET/CT with non-invasive vascular imaging may
complete multimodal imaging assessment of disease activity and risk
of vascular damage.

Prospects

Novel PET imaging techniques are progressively used
or under research.

Positron emission tomography/MRI has been evaluated in large
vessel vasculitis and allow analysis of different pattern: fibrous vs.
inflammatory pattern (77). Its place in LVV, TA particularly, remains
to be specified.

Van der Geest et al. (49) recently reviewed novel PET
imaging techniques using novel cell targets and novel tracers.
These techniques could improve imaging accuracy by using a
more specific cell uptake of FDG with less background activity.
Also, it could enhance activity evaluation after treatment (78).
Some of these novel targets are: T cells targeted radio tracers
(IL2-R, CD4, CD8), macrophages [Translocator protein (TSPO),
mannose receptor (CD206), folate receptor and others], B cells,
activated fibroblasts (Fibroblast activation protein alpha pathway),
endothelial cells (VCAM-1).

Some drawbacks have been underlined by Van der Geest et al.
(49): the risk of high irradiation dose, the complexity and cost
of radiotracers development and the need of clinical study to
confirm their utility.

Conclusion

This review illustrates that 2-[18F]FDG-PET/CT is a powerful
metabolic imaging tool that may help improving early diagnosis,
current classification, and prognostic assessment in LVV. In patients
with a clinical suspicion for LVV, 2-[18F]FDG-PET/CT can help

Frontiers in Medicine 07 frontiersin.org110

https://doi.org/10.3389/fmed.2023.1103752
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/


fmed-10-1103752 January 13, 2023 Time: 15:44 # 8

Nassarmadji et al. 10.3389/fmed.2023.1103752

to diagnose LVV especially at the early onset of disease or in
case of non-specific signs. Early recognition of LVV is essential
because irreversible ischemic complication (e.g., stroke, vision loss,
myocardial infarction) almost always occur early, prior to steroids
therapy. Moreover, the presence of vascular 2-[18F]FDG-PET/CT
activity can precede angiographic change and progression in LVV.
Conversely, the disappearance of 2-[18F]FDG-PET/CT uptake after
effective therapy is possible. Thus, 2-[18F]FDG-PET/CT may be
useful to evaluate treatment efficiency as well as for detection of LVV
relapse and vascular complication at an early stage. Persistent activity
however, is difficult to interpret, and its impact on disease treatment
modifications is not well-known yet and needs further research. 2-
[18F]FDG-PET/CT may help clinician to determine patients with
more active, diffuse, and severe LVV requiring a more intensive
treatment and close monitoring.
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